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PREFACE 
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in September 1931. It contains the papers and discussions presented at the 
Middle Eastern District Meeting of the A. I. E. E. Pittsburgh, Pa., March 
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An index of authors appears in the back of the volume. The complete 
subject and authors’ annual indexes of Volume 50 will appear in the December 
Quarterly. 


Burn-Off Characteristics of A-C. Low-Voltage 
Network Cables 


By GEORGE SUTHERLAND: 


Fellow, A. I. E. E. 


Synopsis.—This paper describes tests made to determine the 
characteristics of the clearance of faults in several types of a-c. low- 
voltage network copper-conductor cables installed in accordance with 
present standards of underground construction, and includes a dis- 
cussion of test results together with other relative data studied. 
The investigation included the burning clear of various types of 
faults in buried non-magnetic sheath cables, and non-metallic 
sheath and lead-covered cables for duct installation. A com- 
parison is made of the burn-off characteristics of the several cable 
constructions and their installations. 

The amount of short-circuit current and length of time required to 


I. INTRODUCTION 


PERATION of underground, low-voltage network 
systems, designed to supply continuous electric 
service, has proved the value of data derived from 

a thorough investigation into the inherent characteris- 
tics of a given design to clear faults. The maximum 
reduction of service outages, prevention of manhole 
fires, explosions and other system disturbances due to 
the occurrence of faults are therefore receiving increased 
consideration of operating and design engineers. 

The clearing of faults in the cables of a network 
depends upon; (1) the relative rates of generation and 
dissipation of heat in the fault and in the cable conduc- 
tors joining the fault; (2) physical conditions at the 
fault location; and (8) the effect of gases generated if an 
arcing condition is established. 

The heat generated in the fault is a function of the 
contact resistance and the square of the short-circuit 
current flowing into the fault. The heat is dissipated 
principally by conduction and radiation, previous to the 
existence of an arc. The clearance of the fault at its 
initial location will depend usually upon its inability to 
dissipate the heat generated, provided that the relative 
amounts of heat generated and dissipated in the conduc- 
tors joining the fault are such that the latter conductors 
will not fail first. The thermal capacity of the fault, 
relative to the heat generated, is in this case less than 
that of the cable conductors. In this class, a high fault 
resistance is associated with a low rate of heat dissipa- 
tion. As will be seen from the discussion in this paper, 
particular consideration has been given to this class of 
faults, because most faults occurring in practise first 
exist as a fault of this class. 

If the relative rates of generation and dissipation of 
heat in the cable conductors joining the fault are such 
that the fusing temperature is attained in the conduc- 
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clear the different types of faults in No. 4/0, 350,000- and 500,000- 
cir. mil cables have been determined by test and by calculations in 
some instances. Conclusive data were not obtained to clear up all 
present conflicting opinions related to the burn-off characteristics 
of a-c. low-voltage network cables. However, a study of the subject 
matter would seem to establish at least a partial basis in regard to 
burn-off characteristics for determining the conductor size of low- 
voltage network mains and the spacing of network transformers. 
Desirable developments for a-c. network cables indicated by the 


results of this investigation are emphasized. 
* * * * * 


tors before the fault itself burns clear, clearing will take 
place at a location other than the initial location of the 
fault. Relative to the amounts of heat generated in the 
fault and in the conductors, the thermal capacity of the 
fault is greater than that of the cable conductors. 

The cables used generally in the past for low-voltage 
underground network systems have been rubber or 
paper insulated and lead covered. Operating experience 
with low-voltage (115/199, 120/208 and 115/280 volts) 
underground systems of standard construction, and 
previous tests, prove that faults between the lead sheath 
and a conductor have cleared instantly or within a few 
seconds with little injury to the faulty cable and gen- 
erally no serious injury, if any, to adjacent cables. 
Previous tests have shown also that a copper-to-copper 
fault, in network systems of phase-to-phase voltages of 
the order of 208 volts, formed by loosely wrapping the 
conductors with binding wire, or by a spike as large as 
3¢ of an inch in diameter, being driven into stranded 
500,000-cir. mil conductors will usually clear in a short 
interval of time (less than 30 seconds) with a total 
minimum value of current of approximately 2,500 am- 
peres or greater (within certain current limits depending 
on cable construction). The quick clearance of the 
faults depends to a great extent on the relative positions 
of the cables in the duct at the fault location. It seems 
questionable at present as to whether the greater num- 
ber of explosions and manhole fires occurring in network 
systems have been due to ignition of sewer and escaped 
illuminating gases or gases generated from cable mate- 
rials subjected to short-circuit conditions. One prelimi- 
nary study? has indicated that most explosions occurring 
during a five-month period of careful observation were 
probably due to the volatilization of cable or joint insu- 
lation and rapid combustion due to the intense heat 
of the electric are. 

The use of cables suitable for burying in the ground 


2. ‘Study on Failures in A-C. Low-Voltage Network Cables,”’ 
by J. M. Comly, Brooklyn Edison Company, Ine., and J. A. 
McHugh, The New York Edison Company. 
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without conduit for low-voltage network distribution is 
a new field of distribution engineering in this country. 
The burn-off characteristics of this cable, made up in 
several types of construction and installed under several 
proposed conditions, were unknown previous to the 
making of tests described herein. Before the installa- 
tion of any buried cables in a network system, even as an 
experimental investigation, it was desirable that tests 
‘be made to determine the clearing of faults which might 
occur at rare intervals in such a system. 


II. Score 


An attempt has been made to determine the burn-off 
characteristics of cables installed under actual service 
conditions. A total of 86 tests was made to check 
some of the results of previous investigations, and in 
addition, to determine the advantages or disadvan- 
tages of new cable constructions installed under several 
conditions. 

Copper conductor cables with various insulations and 
coverings were used for test. It is recognized that other 
pure metals or metal alloys may have better burn-off 
characteristics than copper. Cables with conductors of 
metal other than copper constitute a field for a separate 
investigation, and are not further discussed in this 
paper. 

It has been the purpose of this paper to study the 
burn-off characteristics of the several types of copper- 
conductor cable under consideration with special 
emphasis on the following: 

1. The amount of current and length of time re- 
quired to burn clear copper-to- copper and ground faults 
representative of those occurring in practise in the types 
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and sizes of cables proposed and commonly used for a-c. 
underground low-voltage network distribution. 

2. A comparison of the self-clearing of three-phase, 
phase-to-phase, phase-to-neutral, and ground faults in 
the several types of cables tested. 

3. The relative burn-off characteristics of multiple- 
conductor and single-conductor buried cables. 

4. The effect on burn-off characteristics of the spac- 
ing of buried cables. 

5. The amount of flame, smoke and gas due to the 
cable insulation and covering burned under short-circuit 
conditions. 
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6. The advantages, if any, of paper insulation com- 
pared with rubber insulation. 

7. The burn-off characteristics of non-metallic 
sheath cables for duct installation compared with lead- 
covered cables. 

8. The burn-off characteristics of lead-covered cables 
in fibre duct, tile duct, and iron pipe. 

9. A comparison of the explosibility of gases gen- 
erated in the duct line under the conditions of Item 8. 


III. Test EQUIPMENT 


Provision was made for isolating a 13,200-volt feeder 
connected to an isolated substation bus section to which 


Fig. 2—Water-CooLep Resistors REMOVED FROM BARRELS 


a-c. 60-cycle power was supplied. The voltage was 
reduced to 4,000 volts, phase-to-phase, through a 4,800- 
kva. oil-insulated, self-cooled transformer. Between 
the 4,000-volt bus and the 4,000/230-volt network 
transformers, the secondary terminals of which were 
connected to the low-tension test circuit, were connected 
three single-phase ten per cent voltage regulators. The 
distance from the 4,000-volt substation bus to the net- 
work transformers was approximately 300 circuit-feet. 
The network transformers, consisting of two 300-kva. 
and eight 150-kva. transformers, were connected for 
some of the tests, as shown in Fig. 1, so that 900 kva. 
capacity supplied power to each side of the fault in the 
test cable. This test set-up is nearly equivalent to a 
network layout for city blocks, 200 by 1,000 ft., having a 
300-kva. transformer installed at each intersection and 
a fault at the center of the long side of the block. 

Cable reel reactors, water-cooled wire resistors, (Fig. 2) 
and spaced lengths of cable were used in several com- 
binations to limit the short-circuit current to the desired 
values. High-speed graphic ammeters, mounted on a 
temporary wooden panel, were used for recording 
current values. The secondary bus voltage of the 
transformers was determined by means of indicating 
voltmeters. 

Each test length of buried cable was located approxi- 
mately 18 in. beneath the surface of the ground. When 
the cables were spaced, the neutral weatherproof, 
braided conductor was placed at one side of the trench 
and the three cables for buried installation were laid in 
parallel positions. The length of buried cables subject 
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to burn-off was approximately 17 ft. Various joints 
and service taps, simulating field conditions were made 
in the lengths of cable under test. 

The cables for duct installation were pulled into four- 
inch ducts between distribution boxes, made for test 
purposes and located approximately 75ft. apart. These 
boxes were approximately 24 in. wide and 28 in. in 
depth and length. They were equipped with standard 
reinforced concrete covers. Standard three-way joints 
were made in the boxes at one end of the test length. 
At the other end the cables were not spliced, but were 
pulled directly through the boxes (Fig. 10). 

The various types of faults and cable constructions 
tested will be described under the heading, Discussion 
and Analysis of Test Results. ‘ 


IV. TEST PROCEDURE 


All signals for control operations were given by the 
blowing of a whistle, a code having been agreed upon for 
each operation. 

The graphic meter charts were placed in operation 
before the oil circuit breakers in the test feeder were 
closed so that a complete record of current values was 
obtained. The secondary bus voltage of the network 
transformers was read from the indicating meters in 
order to detect any trouble that may have developed in 
the test equipment, and to provide comparative data 
for an analysis of results. The bus voltage in the sub- 
station was also noted throughout each test. 

Careful observation was made of the flames, smoke 
_ and explosion, if such occurred. 

Each test length of cable was carefully inspected after 
the tests were completed to determine the condition of 


the insulation and coverings, and the location where 


clearing took place. 

Samples of gas, generated in representative tests on 
cables in ducts, were collected by means of high per- 
centage rubber tubing and inverted bottles of water 
during the arcing conditions. Analyses of these samples 
were made for comparative purposes. 

The short circuit was energized in all tests, except 
two, until the fault was cleared. 


V. DISCUSSION AND ANALYSIS OF TEST RESULTS 


After making several tests in which cable reel reactors 
were used to limit the short-circuit current, it was sug- 
gested that the highly inductive circuit might possibly 
aid the sustenance of the are. Accordingly, tests were 
made using long cable leads to limit the current. Re- 
sults indicated that the high inductance of the test 
circuit first used did not affect the are at the low test 
voltage, 133/230 volts, and with those values of current 
used. The ratio of calculated resistance to the calcu- 
lated reactance of the test circuit varied between the 
approximate limits of 0.20 and 0.70. This question was 
not given any further consideration in the remaining 
tests conducted. 

Tests on Multiple-Conductor Buried Non-Magnetic 
Sheath Cables. Eleven tests were made on five-conduc- 
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tor cables constructed as indicated in Fig. 3A. Three 
tests were made on five-conductor cables constructed 
as indicated in Fig. 3B. As shown in both figures, the 
insulating material was a rubber compound. In both 
constructions, the maximum separation of phase con- 
ductors was 0.3 in., the minimum separation, 0.2 in. 

A heavy iron clamp, squeezing the conductors (No. 
4/0 phase conductors, No. 2/0 neutral) together, the 
insulation and covering having been removed through- 
out a length of approximately six inches, was used in 
making the faults in four tests. This produced a fault 
having a thermal capacity, relative to the amount of 
heat generated, greater than that of the cable conduc- 
tors. Consequently, at values of total initial short- 
circuit current of approximately 4,000 amperes these 
faults did not clear; but the insulation was charred 
throughout the test length between the joints, and 
failure tended to take place at the joints where two or 
more conductors joined the one at fault. 

At values of total current, approximately 11,000 
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Note: 

1—No. 4/0 copper conductor, 19 strands 
2—No. 2/0 copper conductor, 19 strands 
3—No. 6 copper conductor, 7 strands 
4—Special rubber compound 
5—Rubber-filled cotton tape 
6—Weatherproof cotton braid 
7—Impregnated jute filler 


8—Saturated asbestos braid 
9—Paper separator 
10—Sisal braid 
11—Helically applied jute wrap 
12—Impregnated fabric tape 
13—Lapped bronze tape 
14—Impregnated fibre tape 


amperes flowing into the fault, there was such concen- 
tration of heat at the edge of the clamp that fusing of 
the conductors took place, causing failure before the 
insulation between conductors in the adjacent lengths 
of cable was destroyed enough to allow a progression of 
the fault. Clearing of the fault took place at this value 
of current in approximately 35 seconds. 


In one test, a pneumatic cable stabber was used to 
produce a fault in an energized test length of five-con- 
ductor cable, Fig. 3A. The blade of the stabber severed 
the cable except for a small section of the covering on 
one side. The total values of initial short-circuit 
current in the three-phase conductors and neutral were 
2,000, 1,280, 1,600 and 800 amperes, respectively. The 
fault cleared instantly, approximately an inch of the 
blade being destroyed by the are. 

A fault was also produced in the test length of cable 
mentioned in the foregoing paragraph by driving a 
bullpoint into it. Clearance took place instantly, the 
total initial values of short-circuit current in the phase 
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conductors being 1,900, 2,200 and 2,500 amperes. It is 
reasonable to assume that a fault produced by driving a 
pick axe into the cable would clear in a similar manner. 

_ Another fault was made in a test length of cable of the 
construction indicated in Fig. 3A by baring the conduc- 
tors and arranging a 2 by 4-in. plank so as to force the 
conductors together when the plank was struck with 
a sledge hammer. The insulation between conductors 
to be short-circuited was removed throughout a length 
of approximately two inches. This method produced a 
contact between conductors and a phase-to-phase fault 
of this type cleared in 20 seconds with a total value of 
current varying from 0 to 2,480 amperes. A second 
test on the same cable with a two-phase-to-neutral 
fault, made in the same manner, failed to clear at the 
point of fault with a total value of current of about 
3,800 amperes. It seems that a point contact was 
formed in the first case, which was cleared easily with 
the low value of current. 
fault of greater contact surface than that of a point 
contact must have been formed; and the current ob- 
tained was not sufficient for clearing. Also, it was 
possible that the collection of molten copper established 
a metallic path between conductors, which resulted in 
burning the insulation throughout the length of the test 
cable, making subsequent dielectric breakdown easy. 
In the latter test, an arcing condition was produced 
which existed approximately 35 minutes until nearly the 
entire length of the test cable was destroyed. 

Two tests on multiple-conductor cables were made 
with the conductors grounded to a water pipe which was 
connected to the city mains. A fault made by ground- 
ing one of the phase conductors and the neutral on the 


water pipe cleared in approximately two minutes at the . 


location of the fault with a total value of current, 
remaining nearly constant, of 3,750 amperes. There 
was considerable arcing and emission of steam due to 
water, from the hole burned in the pipe, coming in 
contact with the are. The fault was entirely submerged 
in water before clearing took place. The other phase 
conductors were not involved in the fault. In the 
second test in which one phase conductor was grounded 
to the water pipe, the maximum current obtained during 
the test had a total value of 2,900 amperes. This fault 
did not clear due to the low value of current (approxi- 
mately 400 amperes) that resulted during the first 9.5 
minutes of the eleven-minute period that the circuit 
breaker of the test feeder was left closed. 

In the majority of the tests, the fault was made up by 
baring the conductors for a length of about six inches, 
forcing them together, and taping tightly overall with 
friction tape to hold the conductors in contact and 
completely covering the bared portion of the conductors. 
This method gave a contact length between conductors 
of approximately three inches. This is probably the 
worst type of fault that would occur initially in. the 
low-voltage mains of a network system, except when a 
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fault is produced by mistake in making connections to 
the network switch (or similar operations), or when the 
insulation and covering may be charred throughout a 
considerable length of cable by low values of short- 
circuit current, allowing the conductors to come in 
contact. Unless otherwise stated, faults mentioned in 
the discussion which follows will be assumed to be of 
this type (three-inch contact fault). 

A three-phase-to-neutral fault in five-conductor cable 
of the construction indicated in Fig. 834 burned for 42.5 
minutes with a total initial value of current of 3,200 
amperes. Another burned for 35 minutes with a total 
initial value of current of approximately 3,900 amperes. 

Five burn-off tests were made on four-conductor 
buried cable containing three No. 4/0 phase con- 
ductors and one No. 2/0 neutral; and two burn-off 
tests were made on three-conductor buried cable con- 
taining three No. 4/0 phase conductors, with a single- 
conductor, No. 2/0 weatherproof braided cable as a 
neutral. Test results obtained with these two latter 
types indicate that the burn-off characteristics are the 


‘same as for the five-conductor buried cables tested 


under the same conditions. The latter statement is 
supported by the following data. A test length of 
four-conductor, paper-insulated cable with a three- 
phase-to-neutral fault burned for 36 minutes with an 
initial value of total short-circuit current of 6,200 
amperes; and cleared in the splice box at one end of the 
test length, and at the point where the test leads were 
connected at the other end. Similarly, a test length of 


. the three-conductor cable burned for 23 minutes with an 


initial value of total short-circuit current of 4,800 
amperes. 

The four-conductor cable was insulated with sulfi- 
nated oiled paper. The three-conductor cable was insu- 
lated with a rubber compound of the same composition 
as that of the insulation of the five-conductor cable, 
Fig. 8A. The separation of conductors in both con- 
structions was the same as that of the five-conductor 
cable. 

From the tests made on the multiple-conductor - 
cables, the data obtained indicate that, with values of 
total initial short-circuit current of 6,200 amperes and 
less flowing into the fault, self-clearing of the fault is 
very unsatisfactory; and when an arcing condition has 
been established, the fault tends to progress from its 
initial location, completely destroying the cable and 
leaving molten metal in the earth where the cable was 
buried. The destruction of the cable produced by such 
an arcing condition is indicated in Fig. 4. - 

For values of total initial short-circuit current be- 
tween 4,000 and 6,500 amperes clearance under such 
arcing conditions usually takes place at joints where two 
or more conductors join the one at fault. Without 
actual test data available, it is difficult to predict what 
minimum value of current is required to clear an arcing 
fault in the multiple-conductor cable; but, it is evident 


September 1931 


from the data obtained that such value of current is 
higher than the corresponding value for single-conduc- 
tor buried cable, as shown from information which 
follows. 

With the cables buried approximately 18 in. beneath 
the ground surface and with no protective covering, 
arcing faults produced flames of a maximum height of 
nearly 5 ft. above the ground. Smoke and volatilized 


Fig. 4—Remains or Four-Conpuctor Burigp CaBLE AFTER 
TEST 


Total value of current varied from 0 to 6,200 amperes during period of 
33 minutes, clearing fault 


materials were blown from the holes in the soil formed 
by escaping gases. 

Single-Conductor Buried Non-Magnetic Sheath Cables. 
Following are the constructions of single-conductor 
buried non-magnetic sheath cables tested for burn-off 
characteristics and the number of tests made on each. 


No. of 


Construction Tests 


1. No. 4/0 copper conduetor, 19 strands 

80 mils of 30 per cent rubber compound 

One wrap of double-faced rubber-filled cot- 
ton tape Nears 

Two wraps of tarred jute applied in reverse 
directions served with asphalt compound 

One treated burlap wrap, in reverse direction 
to last jute wrap 

Two wraps of heavy asphalted jute 

OM PS HOMO MIS Meee mein ac a oh cea abet crete e 3 

2. No.4/0 copper conductor, 19 strands 

80 mils of 30 per cent rubber compound 

One wrap of single-faced rubber-filled cotton 
tape 

Serve of heavy asphaltum compound 

One wrap of asphalted jute 

Two rubber-filled fiber armoring tapes 

Serve of heavy asphaltum compound 

One wrap of jute saturated with asphalt com- 
pound 

HOspstone timishiye ee aha 6 seep ener 3 
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Construction 
3. No.4/0 copper conductor, 19 strands 
110 mils of special rubber compound 
One wrap of single-faced rubber-filled cotton 
tape 
5 mils of bronze tape 
Serve of tar pitch 
Two wraps of fiber tape 
Serve of tar pitch 
One wrap of jute 
Special flame-proof compound 
HOAPStONS Lis Dee NUNES «esos a's 5 
4. No.4/0 copper conduetor, 19 strands 
80 mils of 30 per cent rubber compound 
125 mils of 60 per cent rubber compound 
5. No.4/0 copper conductor, 19 strands 
‘80 mils of special intermediate rubber com- 
pound 
One wrap of single-faced rubber-filled cotton 
tape 
Serve of asbestos base caulk 
Impregnated asbestos braid 
Serve of asbestos base caulk 
Two wraps of non-hydroscopie kraft armor 
Serve of asbestos base caulk 
One wrap of asphalted jute 
Serve of special finishing compound 
Soapstone; finish ted. hie deekess 5 
6. No.4/0 copper conductor, 19 strands 
20 mils of vuleanized sulfinated oiled paper 
One wrap of single-faced rubber-filled cotton 
tape 
Remainder of covering, same as No.5....... 12 
7. No.4/0 copper conductor, 19 strands 
80 mils of 30 per cent rubber compound 
One wrap of single-faced rubber-filled cotton 
tape 
95 mils of 40 per cent rubber compound 
One wrap of impregnated burlap tape 
Serve of special asphalt compound 
One wrap of impregnated burlap tape 
Serve of special asphalt compound 
One wrap of impregnated duck tape 
Serve of special finishing compound 
Soapstone: tinishis oe ee eek ae ee ee eeanoe nU3 
8. No.4/0 copper conductor, 19 strands 
80 mils of 30 per cent rubber compound 
One wrap of single-faced rubber-filled cotton 
tape 
Serve of special asphalt compound 
One wrap of tar paper tape 
Serve of special asphalt compound 
One impregnated burlap tape 
Serve of special asphalt compound 
One impregnated burlap tape 
Serve of special asphalt compound 
One impregnated duck tape 
Serve of special finishing compound 
Soapstonedinishss : ik tects ecard 33 


The greater number of these tests were made with the 
three No. 4/0 phase cables and a No. 2/0 weatherproof 
braided neutral cable placed at random in the trench 
and buried. These tests were made in both wet and 
relatively dry soils. The fault was not submerged in 
water in any of these tests. 
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The results indicate that, with the No. 4/0 single- 
conductor buried cables spaced approximately 1.5 to 2 
in., cover to cover, a total minimum initial value of 
current of approximately 6,000 amperes, in the test 
circuit used, is required to clear satisfactorily the three- 
inch contact fault. (Fig. 5). The clearing time re- 
quired with this value of current may generally be 
expected to be in the order of one minute. 

With total values of initial short-circuit current 


Fig. 5—SincitE-Conpuctror BurRiepD CaBLES SHOWING FAULT 
CLEARED aT INITIAL LOCATION 


Total value of current of 5,800 amperes cleared fault in 40 seconds 


somewhat less than 6,000 amperes and with the cables 
buried together at random, it was found that long time 
arcing conditions were generally produced. The clear- 
ing action under such conditions was usually found to be 
the same as that experienced with the multiple-conduc- 
tor buried cables. When no protective covering was 
used with the lower values of current, flames broke 
through the ground to various heights, the maximum of 
which was ten feet. These flames were burning gases 
from the cable coverings and insulation and continued 
to burn as long as the are produced such gases. 

In order to obtain some indication as to the flames 
and smoke due to burning of the insulation and cover- 
ings and the effect of the gases, so produced, on the 
clearing action of the fault, two tests were made on 
No. 4/0 bare conductors buried in the ground. In one 
test, the conductors were buried in a relatively dry 
mixture of clay and sand with a spacing between con- 
ductors of 1 to 1.5 in. A three-phase-to-neutral fault 
cleared in 6 min. and 20 sec., approximately one foot 
on each side of the location of the initial fault, with a 
total initial value of current of 5,000 amperes. A 
second test was made with the conductors spaced and 
buried in relatively dry loam soil containing some 
cinder and waste material. A three-phase-to-neutral 
fault cleared in six and one-half minutes, at points 
approximately 18 in. on each side of the location of the 
initial fault, with a total initial value of current of 
5,000-amperes. No smoke or flame broke through the 
ground during either of these tests. 

It seems that the conductors at the fault location, 
in these two tests, must have been heated to a fused 
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state and an are was formed which must have aided in 
clearing away the metallic path between conductors. 
In the case of insulated conductors under the same 
conditions, the insulation would probably be carbonized 
at this value of current which would aid the existence 
of the fault. Therefore, because of the carbonization 
of the insulation and covering of a completed cable 
under the same test conditions, gases are not generated 
in any appreciable quantity in the presence of the arc. 
Hence, it seems that the gases are not present in suf- 
ficient quantity to aid in extinguishing the arc by their 
deionizing® effect. 

When an arcing condition exists, causing’ a progres- 
sion of the fault, clearing will usually take place at the 
point where two or more cables join the one at fault. 
If the joints of all conductors are enclosed in one 
junction box filled with an asphaltic compound, the 
compound is ignited when exposed to the are and aids 
in sustaining it. When each joint is enclosed in a 
separate junction box as indicated in Fig. 6, clearing 
may be expected to take place at such a location. 

Spacing the cables in the trench will reduce the period 
of burning considerably, since this condition makes it 
more difficult for the are to subsist; and also, it aids in 
preventing the spread of single-phase faults to the other 


Fie. 6—Metuop or Maxine SERVICE CONNECTIONS TO BURIED 
CABLES 


phases. It was found that the separation between 
cable coverings must be at least 1.5 to 2 in. to improve 
appreciably burn-off characteristics. 

A 2 by 10-inch creosoted yellow pine plank located 
and buried about two inches above the cables pre- 
vented flames from bursting through the surface of the 


8. Arcsin Low-Voltage A-C. Networks, by J. Slepian and A. P. 
Strom, see page 847. 
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ground. Such a covering in a network system has the 
additional advantage of protecting the buried cables 
against injury from the tools of workmen. 

Some tests were made with the cables buried in rela- 
tively dry soil, and other tests were made under the 
same conditions except that the soil was water-soaked. 
No difference in burn-off characteristics under these 
two conditions was observed. 

As accurately as could be determined from the test 
results, the amount of current and time required for 
clearing was the same for the several constructions 
tested. 

Tests on samples of constructions, 3, 5, and 6 show 
that these three buried non-magnetic sheath cables 
contained less inflammable material than that in the 
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other makes tested, and therefore produced less smoke 
and flame under short-circuit conditions. 

As accurately as could be observed, tests made on 
constructions 5 and 6 indicated that the vulcanized 
sulfinated oiled paper insulation of the latter cable 
possessed no advantage in burn-off characteristics over 
the rubber insulation of the former, the coverings being 
the same in the two cables. 

There are not sufficient test data on construction 3 to 
determine whether or not the bronze tape has any effect 
upon the burn-off characteristics. It seems probable 
that the bronze tape in the covering would help to pre- 
vent the spreading of single-phase faults into other 
phases, if the heat of the burning conditions is not too 
intense. The melting point of bronze is approximately 
900 deg. cent. 

Representative test data supporting the foregoing 
discussion on burn-off characteristics of single-conduc- 
tor buried cables are included in Table I. 

In Fig. 7 are shown two sections of meter charts, 
indicating typical current variations during the short- 
circuit period. 

Single-Conductor Cables for Duct Installation. Fol- 
lowing are the cable constructions for duct installation 
which were tested for burn-off characteristics and the 
number of tests made on each. 
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No. of 


Construction Tests 


A. Non-Metallic Sheath Cables 
1. No.4/0 copper conductor 19 strands 
80 mils, 30 per cent A.S.T. M. rubber 
compound 
One single-faced rubber-filled cotton 
tape 
Weatherproof cotton braid............ 4 
2. No.4/0 copper conductor, 259 strands 
15 mils of felted asbestos 
Three varnished cambric tapes 
30 mils of felted asbestos 
45-mil asbestos braid.................. 2 
3. No4/0 copper conductor, 19 strands 
80 mils of intermediate rubber com- 
pound 
One double-faced rubber-filled cotton 
tape 
Serve of asbestos base caulk compound 
60-mil, saturated asbestos braid 
Serve of asbestos base caulk compound 
70-mil, saturated sisal braid 
Flameproof moisture resistance com- 


4. No. 4/0 copper conduetor, 19 strands 
5 mils of vuleanized sulfinated oiled 
paper 
One double-faced rubber-filled cotton 
tape 
(Remaining construction same as con- 
SPLUCTIONIO ) x. sulk: Beare es see 1 
B. lLead-Covered Cables 
1. No.4/0 copper conductor, 19 strands 
80 mils, 30 per cent A. S. T. M. rubber 
compound 
One single-faced rubber-filled cotton 
tape . 
SOT Oh GAGM a. cn; crates emer ens 6 
2. 350,000 cir. mils, copper conductor, 37 
strands 
95 mils of oiled paper 
Oo mail ROL Oates 5 ccach eka, eee 4 
3. 500,000 cir. mils, copper conductor, 37 
strands 
95 mils of oiled paper 
QF, ml sto leas cmres on ces em ee ES i 


In each of these tests, three single-conductor phase 
cables of the construction under test and the bare 
neutral conductor were pulled into the 75-ft. duct 
length installed approximately two and one-half ft. 
beneath the surface of the ground. No. 4/0 neutral 
conductors were used with the 350,000- and 500,000- 
cir. mil phase conductors, and a No. 2/0 neutral with 
the No. 4/0 phase conductors. In none of these tests 
was the fault submerged in water. 

The results obtained from tests on the non-metallic 
sheath cables do not disclose any particular advantage 
of any one of these types, as compared to the others. 
The amount of smoke, flame and disturbance produced 
in each case indicated the same relation to the clearing 
value of current required. The tests were insufficient 
in number to supply conclusive data on which to base 
a thorough comparison with lead-covered cables 
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TABLE I—REPRESENTATIVE DATA FROM BURN-OFF 


I: 


Duration of 


Current flowing into fault-amperes 


short-circuit 


current One side of fault from bus No. 1 Other side of fault from bus No. 2 Total 
Min.—sec. A B Cc Neutral A B Cc Neutral A B Cc Neutral 
B24. oyu 2,120 22290). teelsO etn 0. 2.050)... °2:240) «:,. 2,060)... ue e Oe pen 4 Ove Da One 4,190...) 0 
21 —SOn. as 0-1,300. . .0-1,850....0—-1,980....0-670... .0—1,270....0-1,170. . .0-1,200..... 0-600... .0O-2,570....0-3,020. . .0—-2,680....0—1,270 
Si Ohm 0 0 (0) 0 0 0 Oe ares ets 0 0 0 0 0 
36— 0 
Momentary.... 2,580... 2,440. 2,500. 10) 2,560 2,440 2,640..... 0 56,1403. 05, J4,/8802.07.) “5, 140i ake 
LO— FiOS. ys 0—1,000 0—1,050 0-800 0 0-800 0-800 0-800. 10) 0-1,800....0—1,850...0-1,600.... 0O 
10—— 30R 0—1,000 0-1,050 0-800. 0 0 0 0 0 0=1,000%.. -0-1;050.. .2 (10-8002...) 0 
3— U2 coe 0 0 0 0 0 0 Ole eases: QU iar 0 ng 0 Nui 0 nisttee OU) 
93-30 
O40 ee cae 2,520 S060 25050 Ge es £00 2,980 35120) eo es OO nm 0 5,500....2 6,180... ~5,690°7,.5 400 
520% se 0 0 10) 0 0 0 10) 0 0 0 0 0 
C0) 
1—See Fig. 1 


However, in addition to valuable data obtained, the 
proper lines of development in such cable constructions 
are indicated. 

A four-inch fiber duct was used in all of the tests 
involving No. 4/0 phase conductors. 

The results obtained from the tests made on No. 4/0 


Fie. 8—SinGie-Conpucror CaBues IN Duct SHowine Fauut 
CLEARED aT Inrrrau Location 


Total value of current of 6,000 amperes cleared fault instantly 


rubber insulated, lead covered cables were essentially 
the same as those obtained on the No. 4/0, non- 
metallic sheath types. A total minimum initial value 
of current of approximately 6,000 amperes is required 
to clear the three-inch contact fault at its initial location 
in any of those types of No. 4/0 cables when tested 


under the conditions described, Fig. 8. Results indi- . 


cate that the clearing time would rarely exceed one 
minute for this value of current. When the fault 
failed to clear at the initial location, the cables between 
the distribution boxes were for the most part destroyed, 
Fig. 9. The greater separation of cables in the dis- 
tribution boxes, and the tension at the duct edge due 
to the short length of suspended cable must have aided 


clearing which generally took place at these points with 
values of total initial current of approximately 4,000 
amperes. 

The four tests made on construction B, 2, 350,000- 


Fig. 9—Remains or Sinque-Conpuctor CaBLEs AND Ducts 
Arter TEsT 


Left—Total value of current varied between 0 and 5,000 amperes for a 
period of 11.5 minutes 

Right—Total value of current varied between 0 and 3,600 amperes for 
a period of 21.5 minutes 


cir. mil paper insulated, lead-covered cable, indicate 
that the three-inch contact fault in cables of this con- 
ductor size and type requires a total minimum initial 
value of current of approximately 8,000 amperes at 
133/230 volts for clearing at the initial location; and 
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TESTS MADE ON SINGLE-CONDUCTOR BURIED CABLES 
Duration of Bus voltage 
short-circuit > 
current Bus No. 1 Bus No. 2 Description of cables and 
fault (See page 5 for 
Min.—sec. A-B B-C C-A A-B B-C C-A Test remarks cable construction) Results 
5—24....226..228. .226. .229. .226. .228. Max. .Current nearly constant.......Construction No.6... ......... Fault was cleared at point one 
21—36.. 199.5201 5 200. -215....2124-.214 .Min, . Period ofiareig.......2..65.... foot from joints at one end and 
Phase conductors and neutral just beyond joints at other end 
short-circuited. Taped fault. of test length. Cables destroy- 
s— 0.... Time allowed for fault to re- ed and flames broke through 
SS SS establish. ground to height of 3 feet be- 
36— 0 tween points of clearance. 
Momentary .235..235..238..224. .233..234.Max. Initial current decreased rapidly Construction No. 5............ Clearance took place at point one 
L0—_ 0. 2.75220). 0218). 220 222)... 222. VLIN=.. Period. OF ATCING A... os case wale foot from the initial fault on 
10—30.... Fault was cleared on side fed Phase conductors and neutral one side and at a point three 
From Buss 2 Pyare. so eiokataeteene short-circuited. Taped fault... .feet from the initial fault on the 
3— 0 Time allowed for fault to re- other side. Flames broke 
establish. ; through ground to a height of 3 
_- feet. 
23—30 
O—40....214. .214. .214. .214. .212. .212. Max. Current nearly constant.......... CWonstructionuNows). 225.00. eer Fault was cleared at initial 
a —_——_———_ location. 
5—20....172..172..172..194..192..192.Min. Time allowed for fault to re- Phase conductors and neutral 
establish. short-circuited. Taped fault. 
6— 0 


that the clearing time is in the order of one minute or 
less. These tests were also made with the cables in- 
stalled in four-inch fiber duct. 

Test results show no difference in burn-off charac- 
teristics of 500,000-cir. mil rubber-insulated, lead- 
covered cables in fiber and tile ducts; and the data 


Frg. 10—Disrrisurion Boxes at ONE END or Duct SxEcTION 


Asbestos board partitions removed. Cables were subjected to values 
of current below the clearing values of 3-inch contact fault 


obtained indicate no difference in burn-off characteris- 
tics of 500,000-cir. mil cable in fiber duct and iron pipe. 
However, there are not enough data to state conclu- 
sively the difference in burn-off characteristics between 
the two latter constructions. These test results indi- 
cate that a total minimum initial value of current of 
approximately 10,000 amperes at 133/230 volts will 


satisfactorily clear the three-inch contact fault in- 
500,000-cir. mil cables in approximately 1.25 min. or 
less. Figs. 10 and 11 show the condition of cables 
subjected to short-circuit currents less than the mini- 
mum clearing value of the three-inch contact fault, 
except Test 83, Fig. 11, in which test the total short- 
circuit current was approximately 10,000 amperes. 

No attempt was made in these tests to determine the 


Fig. 


11—500,000-Cir. Mit Paprer-INsutatEep Leap-CovERED 
Casies ReMOvED FROM Ducts Arter TrEst 


Note cables of Test No. 83—total value of current of 10,400 amperes 
cleared three-inch contact fault in 1.25 minutes. Remaining cables shown 
were subjected to total initial values of current between 7,300 and 9,000 
amperes 


maximum values of current at which arcing faults in 
the several cable constructions might be extinguished. 
The clearing of only one ground fault in lead-covered 
cable, conductor-to-sheath, was tested. This fault 
was made by driving a screw into the cable and was 
cleared instantly. A study of available operating and 
test data shows that ground faults between the conduc- 
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tor and sheath of lead-covered cables have cleared in all 
instances. The extensive tests made by the Siemens- 
Schuckert Company‘ show that such faults will clear in 
a 243 /420-volt network system. 


The moving of cables, installed in ducts, due to 
magnetic forces under short-circuit conditions depends 
upon the relative sizes of the cables and duct. In a 
smaller duct the cables have less chance to separate and 
therefore the are may take longer to be started and the 
fault may progress throughout a greater distance. 
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what less than the minimum clearing values, it was noted 
that the lead sheaths of the lead-covered cables in many 
cases were mostly melted off the phase conductors. 
This was due to heat, produced partly by induced cur- 
rents in the sheath and also by the wattage loss in the 
conductor. 

Samples of gases were collected from the duct line 
during two of the tests in fiber duct, and one in tile 
duct. An analysis was made of these gases, the results 
of which are shown in the following table: 


TABLE II—ANALYSIS OF GASES COLLECTED FROM DUCTS AND DISTRIBUTION BOXES DURING TESTS 


Relative Percentage of Hach Gas 


Test No. 81 


Constituent gases evolved east end D. B.! 


Test No. 84 
east end D. B.! 


Test No. 84 
center of duct line 


Test No. 85 
east end D. B.! 


Test No. 85 
west end D. B.! 


TN CHOL dite ahaa ores oe Ta Oro eek Bibets* pesca een Fiber 

Carbon dioxide. i. eae ieee ene TsO ced nttvatermertumtets, teers 2A. 
Unsaturated hydrocarbons...............5:. Ose oe ens cuner vale ted Ons 
OXY Gens es. ee Ie he ee 2O) cdiewnta ican: reactors hoa 16.6.. 
Oarbon MoOnoxides: fr. kon he ero earn Wie ae sre hr ae Tac Dj Oises 
ING br OG GI ae racine te he ron a eer aE Wd Ocoee aia ane a a ota S 


Rosado st Oe, s BDO? so. 60s chats nnreety set rol Ul Cretterenen eee een eee ELS 
edd OI ad Sree Cll bs Hates CEN @ AER AE Soe Rae ee eee 
Sietioen ce SSiSeran Li Sistas + habe lve Sit = ee EO Re ene eee 
Sree aera: 1D Poin eo enh er ce co ig ete = % gas fears o ao ile H 
A pieeworhue oc o10 a Bi Bic so. Wb ara are Le eyen Olt CHa eee ae ele meen 
Lune eee TB A s,s alin oytey ate ro odes 0 le eA tel RO Sn OE ee 


1. D. B. = distribution box 


As the duct size for a given group of cables is decreased, 
a condition is reached finally where the construction 
simulates multiple-conductor cables. 


Rust, grease, and foreign material on the inside sur- 
face of an iron pipe, being an insulator, might in many 
cases prevent grounding of a phase conductor, the 
insulation and coverings being burned away, if the arc 
has not previously burned this coating on the duct 
wall. However, no data have been obtained which 
prove the practical aspect of this statement. 


It has been suggested that the resistance of the cupric 
oxide formed on the bare conductors, after the insulation 
and coverings have been burned away, may aid in 
keeping the initial fault localized. Tests have been 
made on a copper conductor, producing a coating of the 
oxide varying in thickness throughout as wide a range 
as can be obtained by heating the conductor in air. 
The breakdown voltage of the oxide film varied from a 
minimum of 15 volts to a maximum of 38 volts. It is 
probable that the bare conductors under short-circuit 
conditions do not establish continuous electrical con- 
tact throughout the duct, but that the conductors may 
be forced together either by gravity, magnetic forces or 
both so as to establish a new fault. 

The effect of molten metal in the bottom of the duct 
upon time of burn-off depends upon the relative posi- 
tions of the cables. In a fiber duct this may establish 


a conducting path between two or more of the circuit ~ 


conductors. In an iron pipe, the same conditions might 
result, or, in addition, a ground might be established to 
one or more of the phase conductors, irrespective of the 
neutral cable construction. At values of current some- 


4. ‘New Developments in the Operation of Polyphase Low- 
Voltage Network Systems,’”’ by Hans Besold and Otto Mueller, 
Elektrotech. Zeitsch., July 3, 1930, p. 953. : 


It is evident that the principal source of the oxygen 
and nitrogen shown in the above results was the air. 
The results therefore show that an amount of the order 
of 50 per cent of the gases generated from the cable 
materials was combustible. There is very little differ- 
ence in the content of the gaseous mixture given off 
under short circuit conditions in tile and fiber ducts. 
The fiber duct itself. contains considerable volatile 
matter, but this does not alter to any marked extent the 
gaseous products under short-circuit conditions. The 
results also show that the gas at the center of the duct 
line was nearly the same as that in the distribution 
boxes. 

Since the samples of gases collected during these 
tests were from paper-insulated cables, it was desirable 
to obtain an analysis of the gases given off from rubber- 
insulated cables. This was done in the laboratory by 
wrapping a resistance wire about a 500,000-cir. mil, 
rubber-insulated cable, from which the lead sheath had 
been removed, and collecting the gases given off when 
the insulation was heated in this manner in open air. 
An analysis of the gases given off from paper-insulated 
cable under the same conditions was also made. The 
results of these analyses are shown in the following table. 


TABLE III—ANALYSIS OF GASES COLLECTED IN LABORATORY 


Relative percentage of each gas 


Constituent gases evolved Rubber insulation Oiled-paper insulation 


Carbondioxide:. 2. 5:2) cathaot eens TO 9 2. Ve PS Pe 1 


0.3 
Unsaturated hydrocarbons.......... Gis4s To cge. steseeabdé hes 6.9 
Carbon WWLOnOxde 6.0 3. sykeyss cyan, easels O'Dk, vc Ect Ohare tots cawtamee 9.5 
OXY PON: o cay eiaale « > eld oe eee ee 10: O23) 5 34 Boe ieee 10.6 
NEP O RONG. iets Setters tials lates ee spe 62:16: cers Getta ks 627 


Also, in consideration of these results, it should be 
borne in mind that the principal source of the oxygen 
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and nitrogen was the air. Approximately 60 per cent 
of the remaining gases was combustible. It seems 
probable that some of the unsaturated hydrocarbons 
burned, forming carbon dioxide and water. The results 
indicate that there is no appreciable difference in the 
inflammability or explosibility of the gases given off 
from rubber and oiled paper-insulated cables under 
simulated short-circuit conditions. 

The unsaturated hydrocarbons and the carbon mon- 
oxide are the constituents in the gaseous mixture which 
produce burning and explosion when they unite with 
oxygen. The force of explosion depends upon the 
amount of these gases which collects in the duct line 
before ignition. Should there be air currents in. the 
duct line so that the gases may escape as they are 
generated, the violence of the explosions may be con- 
siderably reduced with probable elimination of explo- 
sions altogether. 

The occurrence of explosions during the tests did not 
prove conclusively the relative characteristics of the 
different sizes and types of cables as regards explosions 
occurring during short-circuit conditions, due to vary- 
ing test conditions. However, these results do support 
the indications of one preliminary study on under- 
ground cable failures, namely, that explosions were 
mostly due to the volatilization of cable or joint insu- 
lating materials. The covers were in place during all 
the tests on the different types of No. 4/0 cables; but 
the wind condition varied producing stronger air 
currents through the ducts in some tests than in others. 
The distribution box covers were partly broken in 
some tests, leaving holes through which gas may have 
- escaped. Also, the covers were left ajar during some 
of the tests because of hazards introduced. In those 
tests in which it is known that gases had not collected 
in the duct line during previous tests, explosions oc- 
curred from 5.5 to 15 minutes after the initial short 
circuit. 

From observation of the tests on cables installed 
in fiber ducts, there was more smoke produced during 
the tests on the non-metallic sheath types than during 
the tests on the lead-covered cable. Under the same 
conditions, there seemed to be little difference in the 
amount of smoke produced from the four non-metallic 
sheath constructions. Inspection of the fiber ducts 
after some of the tests on the non-metallic sheath types, 
however, showed that a considerable amount of the 
duct material had been burned. 

In several of the tests on 500,000-cir. mil cables, the 
lead sheaths were bonded together in the distribution 
boxes at one end of the test cables, 75 ft. in length. 
Omission of the bonds at the other distribution box did 
not produce pitting of the sheath under short-circuit 
‘conditions. No voltage due to sheath currents was 
indicated by voltmeters connected between the lead 
sheaths, and between the lead sheaths and neutral. 


However, the distance from the point of bonding to a 


possible fault location in the usual system layout 
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would be considerably greater, should bonding be done 
only in manholes at street intersections. It was not 
possible to obtain conclusive data regarding this 
question. 

Representative data obtained from tests on cables 
for duct installation are included in Table IV. 

Calculated Clearing Time of Faults in Cables. As 
stated in the foregoing, a fault in cables may be one 
of the two general classes: 

1. A fault having a thermal capacity, relative to the 
heat generated, less than that of the cable conductors. 

2. A fault having a thermal capacity, relative to 
the heat generated, greater than that of the cable 
conductors. 

Because of the extremely variable character of faults 
of the first class, it is impracticable to attempt to cal- 
culate the clearing time unless the available short- 
circuit current and the fault resistance are known. The 
three-inch contact fault, previously described, belongs 
to this class. Calculations based upon approximate 
voltage and current readings indicate that its resistance 
varied in those No. 4/0 conductor cables tested between 
the limits of 0.004 and 0.02 ohm. The wide variation 
was due in part to the change of the fault between the 
time of making it and the time it was tested, and in 
part to the difficulty of producing the same contact 
surface between conductors in each test. 


In connection with faults of the second class, it is 
possible to make calculations,® within certain current 
limits, based upon the physical, thermal, and electrical 
characteristics of the cable, to determine the time re- 
quired for fusing the conductors joining the fault. In 
these calculations, it is assumed that the cable insulation 
and covering remain practically intact so that their 
heat dissipating characteristics are not altered during 
the fusing period, and that the fault does not progress 
from its initial location. 


As seen from the representative test data included 
herein, the short-circuit current remained nearly con- 
stant as long as an arcing condition was not established. 
Taking a constant value of current and assuming the 
temperature coefficient of resistance to remain constant 
between the cold temperature of the conductor (in the 
order of 20 deg. cent.) to the fusing temperature of the 
conductor, fusing curves can be determined as shown 
in Fig. 12. Fusing curves may be obtained by similar 
calculations, assuming a constant voltage applied to a 
given length of cable. As neither a constant-voltage 
nor a constant-current condition results when a fault 
occurs in a network, average values of watts per foot 
per thousand circular mils have been plotted against 
fusing time. For a given circuit condition, approxi- 
mate relations between initial watts, average watts and 
fusing current may be established. 


5. ‘Current Capacity of Wires and Cables,’”’ by George EH. 
Luke, Electric Journal, Vol. 20, p.127. Underground Alternating 
Current Network Distribution for Central Station Systems, by 
A.H. Kehoe, A. I. HE. E. Trans., Vol. 48, p. 853, Fig. 27. 
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TABLE IV—REPRESENTATIVE DATA FROM BURN-OFF TESTS MADE 


Duration of 


Current flowing into fault-amperes 


short-circuit 


current One side of fault from bus No. 1 Other side of fault from bus No. 2 Total 
Min.—sec. A B C Neutral A B C Neutral A B Cc Neutral 
== 8 Ate 2,200 2,560. 24400500 Ol yeen 2,320 2,440... DSAOl ., .) ip Ouawrdets 4,520).5< 3,000 enw 4, 980E sO 
B= 1b ks 0-2,080. . .0-2,080 0-2,080. . .0—-1,190....0—1,940 0-1,980....0-2,080. . .0—1,060....0—-4,020. . .0-4,060. . .0—-4,160... .0—-2,250 
3—30..... 0 0 0 0 0-1,940 0-1,980....0-2,080. . .0O—-1,060....0—1,940. . .0—-1,980....0—-2,080. . .0—1,060 
3—20..... 0 0 0 0 0 0 0 0 0 0 0 0 
15— 0 
Momentary.... 2,520... 2.760... 3,260... 2;400.... © 2,880... °3/220..:4° 8,120. 22244000 D400 re 70, O50 ne OOO eee 
5— O..... 0 pene 0 ee, 0 Site 0 0 0 ; 0 0 0 3 0 é 0 0 
5— 0 
2— 0..... 2,120 2,260 2 200. sient LO" ees 2,040 2,160. 2,010)... O Teac 4,160. 4,420 4,210... 0 
13 —1O0.. shes 0-2,080 0-2,080 0-2,080. . .0—1,200... .0—1,680 0—2,080 0-1,960. . .0O—1,180....0—8,760 0—4,160 0-4,040. . .0—2,380 
3— 0..... 0 0 0 0 0 0 0 0 0 0 0 0 
18— 0 
2—30..... 2 LL net eee oO DAI ce Ow erat 2,040 25150" LOSOW COR ees 4,150-7: A430 sth) AO 8 
15— 0..... 0-1,720 0-—2,080 0-2,080. . .0-1,120....0—1,940 0-2,280 0-1,880. . .0O—1,140....0-3,660. . .0—4,360... .0-3,960. . .0—-2,260 
s=— 02.5... 0 0 0 0 0 0 0 0 0 0 0 0 
20—30 
O—32..... 4,080 ASMOO sek, Bs SOO as. 0) 4,150... 4080.54.) -sj540 292 20 38,2303. =) S100 sacar S40 eo 
5—28..... (0) 0 0 0 0 0 0 0 0 0 (0) 0 
6— 0 
4—l6..... 4,320 4,320. 4,350 Oe 4,500. 4,500. 4,200. 301) 4% 8,820... 8,820 8.5505 720 
2—58..... 4,320 3,000. . 4,350. . .0—1,700....0—4,200 1,800. 3,500 0-3,200 
2— 8..... 4,320 4,300.. 0 0 0—4,200 4,200 0 . . .0-3,200 
9—18..... 0 Ores 0 (0) 0—1,200 0—1,200. 0 . .0-1,000....0—1,200. . .0—1,200. 0 0 
9—20..... 0 0 0 0 0 0 0 ohare Oy etc ea 0: vase > OY) Rave lO) Janey (0 
28— 0 
1—16..... 5,100. S000 Ree, My OOi mee 5,300... 5,470.2... > 5,100 0 + 107400)... 2 10;470040., 10,200)... 0 
O—11..... 0 OTF = (0) e 0 0 0°. 3 5,100 0 (0) (0) 5,100.. 0 
10—33..... 0 0 0 0 0 (0) 0 0 0 (0) 0 oe, 0 
12— 0 
Note: Tests were made with dry ducts only. 


Calculations show the fusing times of paper and 
rubber-insulated cables of the same conductor size, 
covering and thickness of insulation to be so nearly the 
same that the difference may be neglected. 

In the few tests in which an arcing fault was not pro- 
duced and in which the fault was of the second class, 
the calculated fusing time checked with time deter- 
mined by test within a maximum error of ten per cent. 
Sufficient test data were not obtained to examine 
thoroughly the accuracy of the three curves and their 
applicable portions. It seems probable that the por- 
tions of the curves shown in solid line might be appli- 


cable for checks against test results. The curves at 
least show an interesting theoretical comparison. 


VI. CONCLUSIONS 
A study of test results and other data leads to the 
following conclusions: 


1. Faults included in the class of point contacts 
and occurring in single-conductor a-c. low-voltage 
network cables, operating at voltage values of the order 
of 120/208 volts, will usually clear within a period of 
several seconds if a minimum value of current of ap- 
proximately 3,000 amperes is available, irrespective of 
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ON SINGLE-CONDUOCTOR CABLES FOR DUCT INSTALLATION 

Duration of Bus voltage 

short-circuit 

current Bus No, 1 Bus No. 2 Description of cables and 
fault (see page 7 for 
Min.—sec. A-B B-C C-—A A-B B-C C-A Test remarks cable construction) Results 
.Current nearly constant...... No. 4/0 non-metallic sheath Fault was cleared in boxes at each 


O— 5....232. .232. .234. .232. .234..232. Max. 
S25, 


3—30 
No. 1 

3—20: Time allowed for fault to re- 
establish, 

15— 0 


Momentary cla sot4n e2te. 214... DIZ at De Nas sacral eo k ne eek orem « 


o— 0... 1705. 176). 176. 3190-5200), 190. Min, . 


..230,.232. .230..224..226..222.Min...Period of arcing..... 


cables in 4” fiber duct. Cable 
construction, A, 2 


end. Cables between boxes 
destroyed. Fiber duct burned. 


Cleared on side fed from bus Phase conductors and neutral Explosion blew covers of boxes at 


short-circuited. Taped fault. one end of duct 20’ above 
ground. Heavy smoke and 


flames from boxes at each end. 


Pasa mato No. 4/0 non-metallic sheath Fault was cleared instantly at 
-Time allowed for fault to re- 


cables in 4” fiber duct. Cable initial location. 


establish. construction, A, 1. 
Phase conductors and neutral 
5— 0... short-circuited. Taped fault. 
2— 0....228. .229. .228..228..228..228.Max. .Current nearly constant........No. 4/0 non-metallic sheath Cables between boxes destroyed. 


13— 0....201. .204. .201. .216..216. .216.Min.. 


NP eriodio£ aPeinery, .<<.aches staecs 


cables in 4” fiber duct. Cable 
construction, A, 1. 


Fiber duct burned. Fault was 
cleared in boxes at each end. 
Heavy black smoke from boxes. 


3— 0... Time allowed for fault to re-.Phase conductors and neutral Flames from one box. 
—_—- establish. short-circuited. Taped fault. 
18— 0 
2—30....228. .228. .226. .228...228..228. Max. Current nearly constant........ No. 4/0 lead covered cables in Cables between boxes destroyed. 


15— 0....200. .203. .200. .216. .214..214. Min.. 


.Period of arcing..... 


4” fiber duct. Cable con- Fiber duct burned. Fault was 
StLuCtioN WB AS. cen sharers cleared in boxes at each end. 
= Heavy black smoke from boxes. 


3— 0 Time allowed for fault to re- Phase conductors and neutral No flames. 
——————— establish. short-circuited. Taped fault. 
20—30 
O—32....218..219..218. .218. .217. .230.Max. Current nearly constant...... 350,000-cir. mil. lead-covered Fault was cleared at initial 


5—28....158..166..163. .204. .208..208.Min.. 


.Time allowed for fault to re-. 


cables in 4” fiber duct. Cable location. 


establish, construction, B, 2. 
6— 0 Phase conductors and neutral 
short-circuited. Taped fault. 
AUG), RAIS Rohs ete fig A sxe Oe 234. .236..236. Max. Current nearly constant....... 500,000-cir. mil. lead-covered Fault was cleared in box at one 
DB Sien A awiehek:« Sie maples rau 198. .200. .200. Min... cables in 4” tile duct. Cable end of duct length and at point 
2— 8 C phase conductor was cleared. construction, B, 3. between initial fault and box at 
9—18. Side of fault fed from bus No. 1—_Y—___ otherendofduct. Conductors 
was Cleared. Phase conductors -and neutral welded together at initial fault. 
9—20... Time allowed for fault to re- short-circuited. Taped fault. Heavy black smoke from boxes. 
SS SS establish, Explosions at both ends, covers 
28— 0 of boxes at one end blown 20 
feet above ground. 
LOR ereaters ithe e's foie orcs 234. .238..238.Max. .Current nearly constant........500,000-cir. mil. lead-covered Fault was cleared at initial 
Oamail Der san erie a elas hate, 8 ROS LOO ACOO RIVE rate roe eis tee io ote thal elict-s:toae-aiadeteet litae te cables in 4” iron pipe. Cable location. 
10—33.. Time allowed for fault to re- construction, B, 3. 
establish. So SSS SS 
Phase conductors and neutral 
12—:0 short-circuited. Taped fault. 


the conductor size. Tests and operating data show 
that ground faults between the copper conductor and 
the sheath of lead-covered cables have been cleared in 
all cases with voltage values of 115/199 to 243/420 
volts, inclusive. 

2. Copper-to-copper faults, in single-conductor a-c. 
low-voltage (120/208 volts) network cables, made by 
the taping the bared conductors overall and thereby 
obtaining a contact length of approximately three 
inches between conductors will clear at the location of 
the fault within a period of the order of one minute 
(usually less) provided the following minimum values 


of short-circuit current flowing into the fault are main- 
tained during the period of short circuit: 


TABLE V 


aaae=~<qQqqwqwwaeeeeeeeeeSSS.S-S-sS=—eSsSsS.SsSsSsSsSsSsS.SsSsSsSsSsSsSsSSs =.) 


Constant values of short-circuit current, amps. 


Per conductor in 


Conductor size test circuit Total 
INO: 2/OLN Re ahine Siete ae omen ane Coens B000F  cursae © nt aiee, « 6,000 
350,000) cir?amilsaaucency. seebaerar AQOORRIL SER. sey bees 8,000 
600:000) ciz Snail so. cg arekteitos cies ou E000 si thee ooh orcas Peete 10,000 


3. The amount of current and length of time re- 
quired to burn clear a given type of fault in the buried 
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non-magnetic sheath cables, dropped into the trench at 
random, are the same as those for that type of fault in 
the same sizes and general types of cables installed in 
four-inch non-metallic ducts. A spacing of approxi- 
mately two inches between adjacent coverings of 
single-conductor non-magnetic sheath cables buried 
in relatively compact soil improves the burn-off char- 
acteristics. 

4. The time required to fuse a-c. low-voltage net- 
work cables with nearly constant values of current can 
be calculated accurately enough for practical purposes 
provided that the total time does not exceed eight 
minutes. 


WATTS PER FOOT PER 1/000 CIR.MILS. 


E 
iN) 


AVERAG 


ie) 4 8 12) 1692024 82873253 6"-40 
MINUTES 


Fie. 12—F usine Curves ror Low-VoutaGE CaBLEs 


A—WNo. 4/0 conductor, 80 mils of paper insulation, 80 mils of lead 
B—350,000-cir. mil conductor, 95 mils of paper insulation, 95 mils of lead 
C—500,000-cir. mil conductor, 95 mils of paper insulation, 95 mils of lead 


5. The burn-off characteristics of multiple-conduc- 
tor buried non-magnetic sheath cables make this con- 
struction undesirable for low-voltage a-c. network 
distribution. The better burn-off characteristics of the 
single-conductor buried cables are attributed to the 
wider separation of conductors and to the coverings 
impregnated with flameproof compound. 


6. As accurately as could be observed in tests on 
buried cables, vulcanized sulfinated oiled paper com- 
pared to rubber insulation improves burn-off character- 
istics very little. Analyses show no appreciable 
difference between oiled paper and rubber insulations 
in the explosibility and inflammability of gases produced 
from lead-covered cables. . With either insulation, ex- 
plosions due to gases evolved from the cable materials 
by short circuits in present standard cables installed in 
standard four-inch duct systems may occur if the fault 
exists longer than five minutes, provided explosive gases 
do not already exist in the duct line. 

7. Sufficient data are not available from tests thus 
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far made to determine whether or not single-conductor 
non-metallic sheath cables, insulated with materials 
now used and installed in one duct, have better burn-off 
characteristics than lead-covered cables under the same 
conditions. 

8. Sufficient data have not been obtained to deter- 
mine conclusively the difference in the effect on burn-off 
characteristics of single-conductor cables in iron pipe 
and the same cables in fiber or tile duct. 

9, Analyses of gases produced under short-circuit 
conditions show that the materials of fiber duct in 
standard use do not increase the inflammability or 
combustibility of the gases. 

The foregoing conclusions are based upon operating 
data and results of tests made on cables buried in 
relatively dry and wet soil and installed in relatively dry 
ducts. The results of these tests indicate the desirable 
burn-off characteristics of low-voltage cables for under- 
ground network systems. The development of new 
insulating materials for cables having these characteris- 
tics will require further research. 
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Discussion 


W. R. Bullard: I believe the most important conclusion 
which has been drawn in this paper, is that single-conductor 
buried cable of the non-metallic armored type has appreciably 
better burn-off characteristics than the other types of construc- 
tion tested. However, a very important feature of such con- 
struction is that with such cable the necessity for good burn- 
off characteristics might be expected to be very largely 
eliminated. Thatis, with single-conductor, non-metallic sheathed 
cable buried with a separation of one or more inches, the 
possibility of the occurrence of short circuits would be very 
remote. An insulation failure would, of course, result in the 
flow of some leakage current to ground, but it would be very 
unusual for such leakage current to reach sufficient magnitude 
to constitute a short circuit. 

This type of construction, therefore, offers excellent possi- 
bilities for increased reliability of service for a-c. network systems. 
Unfortunately, one important factor connected with such con- 
struction is unknown. ‘This is the useful life of the non-metallic 
sheathed cable. It is to be hoped that this feature will be 
diligently investigated and that the development will progress 
to the point where it will be known with certainty just what 
may be expected from the different types now on the market 
under various local installation conditions. 


Theré are now in service or being installed several low-voltage 
distribution systems employing this type of construction, 
notably Mr. Sutherland’s system and one in Santiago, Chile. 
The latter has a nominal service voltage of 220/380 volts, three- 
phase, four-wire. The experience gained from the operation of 
such systems will, of course, be very helpful in obtaining the 
necessary information for the further development of a-c. 
networks in general. 


One further point which should be noted in connection with 
this paper is that the conditions of test were, in general, more 
severe than conditions ordinarily encountered in practise. 
That is, the tying together of the conductors produces con- 
siderably lower fault resistance than is ordinarily encountered 
under actual operating conditions. Numerous tests made 
under actual service conditions have shown considerably better 
burn-off characteristics than those listed in the paper, even in 
the case of systems utilizing voltages of the 220/380 class. 


Wm. A. Del Mar: The non-metallic type of trench cable 
has undoubtedly come to stay in connection with the secondary 
network system. Every time that a new type of cable has 
appeared, the question of its permanence has been raised, and 
has usually stayed with us, in one form or another. It is, there- 
fore, natural that it should be raised in connection with this type; 
—all the more so, since the essential peculiarity of the type is 
the omission of the very covering which has been relied upon to 
protect the insulation from disintegrating agencies, namely, the 
lead sheath. There are about as many types as there are manu- 
facturers, so that experience with one type is no eriterion of the 
performance of any other. Some of these types undoubtedly 
possess the characteristics that make for permanence, while 
others may not. 

Some of this cable is purchased on specifications which merely 
describe one type or another to the exclusion of all others, while 
some is purchased on the basis of performance tests without 
obvious reference to the type. Unfortunately there are nearly 
as many opinions about such tests as there are performance type 
specifications. It is about time that some coordination be 
effected in this field. ‘ 

Looking over these performance tests, we find tests to assure 
adequate resistance to the following agencies of deterioration: 

(a) Water, with special reference to prevention of water- 
logging of rubber insulation. 

(b) Acids, with special reference to installations in marshy 
land. 
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(ec) Alkali, with special reference to installations in alkaline 
soil. 

(d) Abrasion, with special reference to handling. 

(e) Impact, with special reference to damage by excavators. 

(f) Shear, with special reference to handling. 

(g) Dielectric stress, with special reference to corona-forma- 
tion, a matter of no interest in connection with secondary net- 
works, but important for series lighting cables. 

(h) Bending, with special reference to terminal and splicing 
conditions. 

(i) Burning, with special reference to entering houses, and 
are extinction. 

Some of these agencies of deterioration obviously are of little 
significance, but too much stress cannot be laid on protection 
from water as rubber will not last in contact with soil water. 

The protective materials used in the various types of cable are 
cellulose (in the form of paper, jute, cotton, sisal, asbestos 
reinforcement, etc.) asbestos, semi-solid hydrocarbons (such as 
asphalt, oxidized and vulcanized oils, pitch, ete.), rubber, 
waxes, and oils. 

The protective structures used are tapes, braids, wrappings, 
and extruded sheaths. 


The problem of the operating engineer is to give proper weight 
to the various requirements, the devising of tests should be a joint 
effort of the operating and manufacturing engineers, and the 
designs of cables to meet these tests should be left to the cable 
maker. 

B. M. Jones: A large part of the test data in this paper bears 
out conclusions that the Duquesne Light Company arrived at as a 
result’ of tests made early in 1928. It was interesting to us 
that these tests by Messrs. Sutherland and MacCorkle showed 
no material difference in the time or currents required to burn 
clear of fault in fiber, clay, or iron ducts. 

I would like to call attention to one particular feature which 
should not be overlooked in planning and designing a low-voltage 
a-c. network, and that is the providing of capacity to burn clear 
a fault in a weak spot on the network under three extreme emer- 
geney conditions, which are—(1) the short circuit being of the 
most severe type of copper-to-copper contact; (2) the fault 
occurring when one particular high-tension supply feeder is out 
of service thus reducing the short-circuit capacity available at 
the weak spot in the network; (3) the fault occurring at this 
weakest spot. 

Assuming 6,000 amperes required to burn clear a fault of 
various sizes of cables, and with a transformer bank out of 
service thus leaving a weak spot in the network, to which spot 
6,000 amperes flows from one direction and 3,500 amperes from 
another direction, the fault would burn clear from the end 
supplied with 6,000 amperes and would not burn clear from the 
end supplied with 3,500 amperes. 

Obviously, it would be necessary to increase the short-circuit 
current flowing from the weak side by increasing the transformer 
capacity in that direction, which would cost a considerable 
amount of money in some cases and this additional capacity 
would be required solely and only for the purpose of increasing 
the short-circuit amperes to burn clear a fault upon the simul- 
taneous happenings of three extremely remote contingencies. 

While the demands are for better and better service partic- 
ularly in the business areas that are suitable for low-voltage a-c. 
networks; costs must be recognized and the day has arrived when 
the engineer must justify his expenditures as well as his design. 

Most of the engineers and operators realize that electrical. 
equipment in general is supplied with a “‘back-up unit,” and there. 
is a generator ready for service in case the largest one fails, a 
spare transformer bank or unit, an automatic circuit breaker to 
back up another one and relay schemes to back each other up, 
but there is not another back-up for the first back-up; so the 
providing for three extremely remote happenings, if it costs any 
money, is very questionable. 
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The engineers and operators considering a low-voltage a-c. 
network must make recommendations as to how much of a 
gamble they shall take on having these three extremely remote 
contingencies happen at the same time, or how much money they 
are willing to spend to be ready to handle these rare simultaneous 
occurrences, and of course the management’s sanction should be 
obtained on either of these two schemes. 

J. M. Comly and J. A. McHugh: During a six months’ 
period 29 cases of fires and explosions caused by faults on a-c. 

_ low-voltage network mains cables were reported and of these 
none were found to give evidence of the presence of sewer or 
illuminating gases. Five cases involved explosions, nineteen 
eases involved sustained fires, and five cases involved only brief 
fires. 

Four of the five brief fire cases showed negligible burning of 
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insulation. One case resulted in considerable damage to insu- 
lation of No. 6 B&S cable used as main. 

Seventeen cases of sustained fire showed from 3 to 3,400 ft. of 
cable insulation damaged for an average of approximately 420 
ft. Most of these faults developed under dry conditions. In 
the two cases where 2 ft. or less of insulation was damaged the 
faults were submerged. The five failures involving explosions 
showed from 180 ft. to 560 ft. of cable insulation damaged for an 
average also of approximately 420 ft. In four of the five cases 
the underground system was dry in the vicinity of the explosion. 

A comparison of the reported clearing conditions and the 
calculated available short-circuit currents indicates a consider- 
able variation in fault resistance and this appears to be supported 
by the observed physical effects: Fourteen of the twenty-nine 
cases involved failure of network switches or fuses to clear. 
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Synopsis.—The extinction of a-c. arcs at current zero is re- 
viewed, and arc reignition characteristic and circuit reignition 
characteristic are defined. From a study of arc reignition charac- 
teristics of short arcs remote from insulation it is concluded that 
such arcs are incapable of interrupting practical low-voltage a-c. 
network circuits. The extinction of arcs in practical network cables 
is then ascribed to the deionizing action of gas blasts coming from 
decomposing adjacent insulation. Experiments with arcs in 


I. INTRODUCTION 


HE great success of the low-voltage a-c. cable 
network described by Kehoe,' which is finding 
increasing application as a system of distribution 

in metropolitan areas is dependent fundamentally 
upon the capacity for self clearing of faults on the net- 
work which this system enjoys. The tying together of 
the secondaries of many transformers into a network 
ensures that at any point of fault there will be a suf- 
ficiently large current to melt apart any contacting 
metallic conductors and to start an are. The low 
a-c. voltage of the network ensures that the arc will be 
extinguished quickly at a normal zero of current. Thus 
the success of the system depends upon the properties 
of the are which occurs at a cable fault. A close 
study of these ares and how they are extinguished would 
seem to be worth while, particularly as the extension 
of this system to higher voltages which seems neces- 
sary for economy and proper voltage regulation where 
loads are very heavy, leads to conditions in which the 
extinction of the arc is far less certain than in lower 
voltage systems. 


II, THE EXTINCTION OF A-C. ARCS 
Arc Reignition and Circuit Reignition Characteristics. 


Very considerable advance has been made in recent 
years in the theory of extinction of a-c. arcs. The 
continuance of the a-c. are is believed to depend on the 
repeated reignition of the arc for each new half cycle, 
after a current zero. Just after a current zero the arc 
space is losing ionization and recovering the ability to 
withstand voltage. On the other hand voltage tending 
to break down the arc space again is building up across 
the are space terminals, following some natural tran- 
sient of the*external circuit. If the dielectric strength 
of the deionizing are space, as measured in volts which 
the space can withstand, grows faster than the voltage 
which the external circuit impresses upon the terminals, 
then the arc will be extinguished. If the voltage sup- 
plied by the external circuit builds up faster than the 
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cables, and arcs between parallel plates remote from insulation, and 
closely bounded by insulation, confirm this view. 

Inorganic insulating materials may also assist in arc extinction 
by generating gas blasts by their decomposition. Of the various 
inorganic materials tried, boric acid was the most effective. 

Charring of organic insulation may be expected to cause it to 


lose its arc extinction aiding characteristic. 
* * * * * 


dielectric strength of the arc space, then the arc will 
be reignited. 

From the standpoint of arc extinction, therefore, the 
arc is best described in terms of a curve between the 
recovered dielectric strength of the arc space measured 
in volts, and the time after current zero measured in 
microseconds. Such a curve may be called the “arc 
reignition characteristic.”’ Likewise, from the stand- 
point of are extinction, the external circuit is best 
described in terms of a curve between the voltage which 
would appear across the are terminals if the current 
remained zero after the particular current zero under 
consideration, and the time after that current zero 
measured in microseconds. Such a curve may be 
called the “circuit reignition characteristic.’”’ The 
arc is extinguished at a current zero if the arc reignition 
characteristic lies completely above the circuit reigni- 
tion characteristic. The arc is reignited if the circuit 
reignition characteristic is anywhere above the arc 
reignition characteristic. 


The circuit reignition characteristic may be calcu- 
lated according to well-known electrical engineering 
principles. It depends upon circuit constants, 7. é., 
magnitudes and interconnection of reactances, re- 
sistance, capacitances, etc., and upon circuit conditions 
existing at the current zero, 7. e., excitation and phase 
position of synchronous machines, momentary currents 
in windings, momentary charges upon conductors, etc. 
It is independent of the arc itself except in so far as the 
are voltage previous to the current zero may have 
influenced circuit conditions. Circuit reignition charac- 
teristics, for various simple cases have been published.?* 

The arc reignition characteristic cannot be calculated 
even approximately except in a few special simple 
cases in the present state of the science. It depends on 
conditions internal to the are space, such as nature and 
geometrical arrangement of electrodes, the nature of 
the gas, presence of magnetic fields, and gas blasts. 
It does not depend upon the external circuit except 
in so far as the current previous to the current zero may 
be influenced and thus cause the conditions internal 
to the arc space to be altered. 

The arc reignition characteristic is determined 
fundamentally by the manner of disappearance of the 
ions in the are space immediately after current zero. 
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Ions disappear from the space, (1) by direct recom- 
bination in the arc space itself, (2) by discharge to the 
electrodes, (3) by recombination on surrounding walls 
or in surrounding cooler gases, (4) by recombination 
in cooler gases mixed turbulently into the are space by 
gas blasts. (2) appears to be most important in short 
ares, and (8) in longer ares. The importance of (4) in 
practical devices such as fuses and oil circuit breakers 
where intense gas blasts are generated by the decompo- 
sition of material under the heat of the arc has only 
recently begun to be appreciated.? 


Ill. THe SHortT Arc WITHOUT GAS BLAST 


The are reignition characteristic for a short are in 
the absence of gases coming from decomposing neigh- 
boring materials, and with what were believed to be 
relatively cool, non-vaporizing copper electrodes has 
been given by Slepian,? and is reproduced as curve A 
in Fig. 1. Noteworthy in this curve is the extremely 
rapid, almost instantaneous recovery by the are space 
of a dielectric strength of 240 volts, and the slower 
further recovery of dielectric strength. The theory 


toe Ja - Ye" LONG ARC, COLD COPPER ELECTRODES ~ SLEPIAN 
a= 


Ye’ LONG,300 AMP. ARC. HOT BRASS ELECTRODES- 
BROWNE & TODD. 


c-Y%e" LONG, 300 AMP. ARC, HOT BRASS ELECTRODES - BROWNE 
D- Ye "LONG 1200 AMP.ARC, HOT COPPER ELECTRODES~ BROWNE 


8 


o 
8 


b 
8 


200 


REIGNITION VOLTAGE OF ARC SPACE 


° ees 1 oy (Al ete =f 
0 40 60 120 0 200 Te) 280 
TIME IN MICRO~SECONDS AFTER CURRENT ZERO 
Fie. 1—Arc REIGNITION CHARACTERISTICS 


offered by Slepian also predicted that the immediately 
recovered dielectric strength would be independent of 
the are length and arc current, but would depend on 
the nature of the (incoming) cathode, and the gas at 
the cathode. The slope of the arc reignition charac- 
teristic would depend on arc length and current if ions 
disappeared from the arc space by means other than 
direct recombination in the are path, and if these means 
were affected by current and arc length. 

Browne and Todd’ have found similar are reignition 
characteristics for short ares with metal electrodes 
but with the metal at the arc terminals hot, and prob- 
ably vigorously boiling. Their results for brass elec- 
trodes are given in curves B and C, in Fig. 1. The 
immediately recovered dielectric strength was 230 volts, 
and the slope of the characteristic for the 1/16-in. 
300-ampere are was nearly the same as that of the cold 
electrode copper arc given by Slepian. The slope was 
found to decrease with increase of arc length, however, 
as shown by curve C, Fig. 1, and also to decrease with 
increase of are current, although complete arc reignition 
characteristics were not given for larger currents. 
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Curve D, Fig. 1 gives unpublished results of a limited 
number of tests made by Browne for a heavier current 
stationary arc with copper electrodes. Here is noted 
the extremely low value of the immediately recovered 
dielectric strength, about 160 volts, and the extremely 
small slope of the characteristic for the first few hun- 
dred microseconds. 


IV. EXTINCTION OF ARCS IN A-C. NETWORKS 


According to the tests of Kehoe! the arc following a 
fault in an a-c. network cable will always be extin- 
guished at 220 volts, r.m.s. At 1,000 volts r.m.s. 
currents up to 500 amperes and at 2,000 volts r. m. s. 
up to 100 amperes were also successfully interrupted 
by the arc. In the tests at higher voltages, however, 
the currents were limited by resistances so that it may 
not be concluded that extinction of the are would have 
taken place in a reactive circuit of like current. At 
220 volts, however, we may conclude that the are would 
be extinguished under all circuit conditions. 


Similar results have been obtained by Besold and 
Mueller? although here again, the currents were ap- 
parently limited by resistance so that it is not certain 
that the results will apply also for reactive circuits. 


These results are entirely compatible with the earlier 
data on arc reignition characteristics such as curves 
A, B, and C of Fig. 1. For example, on curve C, the 
immediately recovered dielectric strength of the are 
space is 230 volts r.m.s. However, on curve C, 
dielectric strength of 311 volts is recovered in 60 micro- 
seconds, and since, in practical a-c. network circuits 
it will take longer than this for maximum open-circuit 
voltage to build up from arc voltage after current zero, 
the are will not reignite after current zero. 


The more recent results of Browne, however, indi- 
cated in curve D, and relating to heavier current arcs 
between copper electrodes, and. which should be more 
directly applicable to cable fault arcs, are not com- 
patible with these results. According to curve D, 
arcs with currents exceeding 1,200 amperes should not 
be extinguished with more than 125 or 130 volts r. m. s. 
in a low power-factor circuit. We are then driven to 
the conclusion that in a-c. cable fault arcs additional 
deionizing agents must exist which are not active in 
ordinary short arcs between metal electrodes. 


These additional deionizing agents must come from 
the insulation used in cables, and the authors believe 
that it comes from the intense blasts of gas directed 
through the are from the decomposing insulation 
adjacent to the arc. That gas blasts through an arc 
are strongly deionizing has been long known, and gas 
blasts coming from decomposing insulation are believed 
to be responsible for the effectiveness in circuit inter- 
ruption of the expulsion fuses and the oil circuit breaker. 
The cable fault arc is in the insulation in the same way 
and sense as the oil circuit breaker arc is in the oil. 
In both cases the arc is in a gas pocket or bubble, but 
this gas and the arc in it are not in a quiescent state 
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but are being most violently stirred by the turbulent 
mixing into it of large volumes of fresh, relatively cool, 
unionized gas coming from the decomposing insulation 
or oil. This turbulent inpouring of fresh gas causes 
the extinction of the arc in circuits of higher voltage 
than would otherwise be possible. 

The gases coming from the thermal decomposition 
of the insulation in cables would generally be regarded 
as a nuisance. Since they are inflammable, under 
certain circumstances, they may even constitute an 
explosion hazard. Nevertheless they are probably 
necessary in the functioning of present day low-voltage 
a-c. networks. 


VY. TESTS ON ARCS IN CABLES 


While the ideas expressed in the preceeding sections 
were developing, it seemed worthwhile to get some 
first hand knowledge of the characteristics of ares in 
cables. Accordingly copper-to-copper short circuits 
were made in short lengths of oil impregnated paper 
insulated cable. The cable used was 600-volt, three- 
conductor, 500,000-cm. lead-covered cable, manufac- 
tured by the Habirshaw Cable Co. The arcs were 
started in several different ways, namely, (1) by twisting 
together two strands of the conductors to be short- 
circuited; (2) by driving a nail through the stranded 
conductors; (3) by tying the conductors together with 
No. 20 bare copper wire. The tests were made in a 
550-volt r.m.s., 60-cycle circuit in which the current 
was limited only by the reactive impedance of the 
transformers and cables. Currents varied from 3,000 
to 10,000 amperes. In some of these tests the short 
circuit was made near one end of the cable, power being 
supplied from the opposite end. In others, the short 
circuit was made near the center of the cable section, 
power being supplied from both ends of the cable, in 
order to eliminate the strong magnetic blowout effect 
that is present with the first method of short-circuiting. 
In most of these tests the cable was drawn into a 
334-in. fibre duct, the ends of which were closed by 
packing with rags. 

It was found that in general the arcs would be ex- 
tinguished in one to fifteen half cycles.. Occasionally, 
however, the are would not be extinguished, and in 
such a case provision had been made to throw in various 
values of resistance in shunt with the arc to see what 
influence would be exerted on the extinction of the arc. 
When the arc persisted it was found that resistance in 
shunt with even as low a value as one ohm had no 
influence on the continuance of the arc. 

The arc voltage was found to be usually of the order 
of 100 volts when the short circuit was made 5 or 6 in. 
away from the insulation, and about 350 volts when the 
are occurred near the insulation. The first of these 
figures is approximately what would be expected for 
ares of corresponding length in air between copper 
electrodes, but the second is very much too high for 
an are drawn in air and unexposed to any gas blasts. 
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This are voltage was high enough to raise the power 
factor of the circuit considerably, which favored the arc 
extinction. A study of the oscillograms shows that in 
some cases power factors of from 0.3 to 0.6 were reached. 

In general it was found that when the arc was closely 
bounded by insulation, the are would be promptly 
extinguished, but in those tests where the insulation had 
been carefully cleaned away about six or more inches 
from the arc, then the are would persist. As pre- 
viously mentioned, it was also found that the are volt- 
age was about three to four times as large when the 
are was closely bounded by insulation, as when remote 
from insulation. 

These results speak eloquently of the large part the 
insulation plays in the extinction of the ares, and show 
how persistent the arcs are when not subjected to the 
influence of the insulation. 


VI. TrEsts oN SHORT ARCS FREE FROM INSULATION 


It seemed worth while to obtain some data on the 
extinction of short arcs between copper electrodes free 
from insulation, for currents larger than those used 


1-2580 AMPS. -550 V. 0.282 OHM ARC 
SHUNT. 

2-3620 AMPS. -380 V. 0.200 OHM ARC 
SHUNT. 

3-6400 AMPS ~-380 V. 0.100 OHM ARC 
SHUNT. 
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by Browne. Accordingly, a pair of copper plates 14 


in. thick and 4 in. by 27 in. were used, spaced apart 
ly in. To keep the gas pressure between the plates 
low, %-in. diameter holes, spaced 1.41 in. between 
centers were punched in the plates. 

The arc was started by a No. 20 copper fuse wire 
drawn through one pair of holes. The current was 
obtained from transformers and was limited only by 
air-cored reactors where it was not the short-circuit 
current of the transformers. 

Tests were made at various voltages and currents, 
and values of resistance which when in shunt to the are 
would just cause it to go out were determined. With 
these values of resistance the circuit reignition charac- 
teristic should just be tangent to the are reignition 
characteristic. Numerous circuit reignition charac- 
teristics were calculated, and several are shown in 
Fig. 2. In this figure, the curve of Browne from Fig. 1 
is redrawn. Also, probable arc reignition characteris- 
tics for the larger currents and spacing are indicated 
by drawing tangents from the 160-volt point on the 
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voltage axis to the various circuit reignition charac- 
teristics. 

Arc voltages in these tests were found to vary from 
40 to 100 volts. 

These tests show decisively that the simple short 
are between copper electrodes free from insulation is 
inadequate to meet the fault clearing requirements of 
low-voltage a-c. networks. 


VII. TESTS WITH SHORT ARCS BOUNDED BY ORGANIC 


INSULATION 


Further tests were made with the electrode arrange- 
ment of the preceding section, but with oil soaked paper 
clamped between the copper plates. A -in. hole 
was cut in the paper through which the fuse was passed 
for starting the arc. 

At 550 volts the are was extinguished for all values 
of current tried, up to 11,000 amperes. Similar re- 
sults were obtained as the voltage was increased up to 
750 volts. At 1,150 volts, the are persisted. The are 
voltage was found to vary from 300 volts at low cur- 
rents to 600 volts for high currents. 

As the size of the hole in the paper through which the 
are initiating fuse passed was increased, the influence 
of the oiled paper became less intense, and when the 
hole had a diameter of 3% in., the arc persisted at 550 
volts, and the are voltage was only about 200 volts. 

Tests were also made in which the paper was im- 
pregnated with vaseline, and with glycerine. The 
results were practically the same as for the oiled paper. 

The above tests again affirm the important part 
played by the insulation in the extinction of cable arcs. 


VIII. TESTS WITH SHORT ARCS BOUNDED BY 


INORGANIC INSULATIONS 


As has been mentioned before, the gases resulting 
from the decomposition of organic insulation, and which 
are effective in extinguishing the arc, are in themselves 
combustible, and therefore under certain circumstance 
may constitute an explosion hazard. It seemed worth 
while, therefore, to make some preliminary tests 
using materials which would give off incombustible 
gases such as water or carbon dioxide. 


The following materials were tried: 


Decomposition products 


Material Gases Solid 

GiieA ClO pels EO a ls iahinasht cain as, claves H20 . .B2O3 
GypsutOasO 4-260). 3 een hs Snes doles H20, 8O2, O02 ..CaO 
Boraxektage1O7: 1OMsOs vc ne witness sci es H,O0 - Na2B4O7 
Sodium Bicarbonate. NaHCO;3............ H,0, COz NaOH 
Magnesium Carbonate M;CO;3H20....... HO, CO2 MgO 
Basic Magnesium Carbonate 

8MgCO3Mg(OH)o8H2O........ 20. eee H20, CO: .. MgO 
Ma encaluii Oxide Oe oi5)5... ts: caw sw ol ale saeceneeags ea aise one MgO 
Ammonium Carbonate (NH4),CO;H20..... H20, COs, NH3...... 
Aluminum Ammonia Sulfat. 

Ale(SO4)3(NH4)2 SO424H0O.............. H20, SO2, NHg. .Al2O3 
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The various materials in the form of powder were 
packed between the copper plates described in sections 
VI and VII, and a fuse wire pulled through a pair of 
holes in the two plates. Tests were then made, as in 
preceding sections. The arc was permitted to make 
as large a hole as it would in the closely packed 
powdered material. 

Before comparing the results obtained with the 
various materials, it will be well to consider the charac- 
teristics which are found for ares subjected to deioniza- 
tion from decomposing bounding walls. Fig. 3, which 
gives results for basic magnesium carbonate, is typical 
for the relation between the volts which can be inter- 
rupted by a given length of arc, and the current. As 
the current is increased from small values, the volts 


‘ which can be interrupted decrease, reach a minimum 


and then increase again. This relation is rather to be 
expected if it is reflected that for very large currents 
the gas blast will be very intense, and that for very 
small currents the are will be particularly sensitive to 
deionizing influences. 
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3—Basic Magnesium CARBONATE AS Arc EXTINGUISHER 


Hence starting with low voltages, all currents can 
be interrupted by the are. Above a certain voltage, 
however, (the minimum voltage on the curve of Fig. 3) 
there will be two limits of current, such that between 
these limits the are will not be extinguished. For 
values of current less than the lower limit and for 
values of current greater than the larger limit, the are 
will interrupt the circuit, but for intermediate values 
of current, the arc will persist. Such relations as these © 
are found generally in expulsion fuses, and oil circuit 
breakers. 

If now, the voltage of the circuit is kept constant and 
only the circuit reignition characteristic is altered, 
similar results are obtained. Below a certain “‘speed’’ 
of circuit all currents are interrupted, whereas for 
higher “speeds” there will be an intermediate range of 
current for which the are will persist. 

This is illustrated in Fig. 4, which shows the results 
of tests using gypsum powder. All these tests were 
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at 550 volts, with varying values of resistance shunting 
the arc giving different circuit reignition characteristics. 
For shunting resistances less than 16 ohms, the arc 
interrupted all values of current, but for resistance 
greater than 16 ohms there would be an intermediate 
range of current for which the are would persist. When 
the arc was unshunted the are would persist for currents 
from 2,800 amperes down to 400 amperes, the smallest 
tried, although undoubtedly for a sufficiently small 
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Fic. 4—Gypsum as an Arc EXTINGUISHER 


Used between parallel copper plates spaced 34 in. apart 


current the are would have been extinguished. For 
currents larger than 4,100 amperes the are always 
interrupted the circuit. 
’ As it so happens that most of the data for the differ- 
ent powders were obtained at 550 volts with varying 
resistance shunts, we may compare their efficacy by 
plotting in one figure curves similar to that of Fig. 4. 
This has been done in Fig. 5. No curve is given for 
boric acid, as the are interrupted all values of current 
even when unshunted, except for one test which did not 
repeat itself. The curve for gypsum is taken from 
Fig. 4, and as is seen consists of the boundary of the 
region of arc persistency. Because of the smallness of 
the number of test points in Fig. 4, the location of this 
boundary is rather vague, so that although a definite 
curve is shown in Fig. 5, no accurate quantitative value 
should be attached to it. Similar remarks apply to the 
curves for the other powdered materials, which were 
obtained from test data similar to that shown in Fig. 4. 
For the other materials only the lower branch of the 
curve is shown, as the other branch if it existed, occurred 
at values of current greater than those available for 
these tests. For comparison, the curve for air is also 
included in Fig. 5. 

From all these data we conclude that boric acid made 
_ the best arc extinguishing powder being as good as oiled 
paper over the range of these tests. Next, although 
considerably inferior, is gypsum. Then far inferior, 
though better than plain air, are the rest of the materials 
tried. 
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IX. REQUIREMENTS OF GAS-GENERATING 
ARC-EXTINGUISHING SUBSTANCES 


In considering the various substances which may be 
placed adjacent to an a-c. arc to cause its extinction by 
the generated gas blast, one would expect that that 
substance would be best which generated the largest 
amount of gas in a given volume, or which generated the 
largest amount of gas for a given energy input from the 
arc. However, the results of the preceding sections 
show that some other factor must also be taken into 
account. For example, boric acid and oiled paper, 
which proved to be the best among the substances 
tried, are certainly inferior to ammonium carbonate, 
(NH,) (CO3H.O), one of the worst of the substances 
tried from the standpoint of gas generation per unit 
volume or per unit energy. 

This other factor probably relates to the state of the 
surface of the bounding material just after the moment 
of arc extinction. The gases generated from the sub- 
stance, may ensure that the are will not reignite in the 
are space itself, but that with the arc not reigniting, the 
substance itself must be able to stand the voltage with- 
out breaking down. Organic insulation, in general, 
seems to meet this requirement. Some of the insulation 
close to the arc is decomposed into gases, but the surface 
of the material which is left remains clean, and has good 
insulating quality. 

In the case of the ammonium carbonate, however, 
because this substance melts below the temperature 
at which rapid decomposition takes place, the surface 
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of the material which is left after a half cycle of arcing 
undoubtedly consists of a molten film of the ammonium 
carbonate. Furthermore, molten ammonium carbon- 
ate is highly conducting. Just after current zero, the 
are is undoubtedly extinguished momentarily, and open- 
circuit voltage momentarily appears across the elec- 
trodes. This voltage causes a considerable current to 
flow in the molten surface film, which is brought im- 
mediately to a violent boil and gas evolution, and the 
resulting tearing of this film while carrying current will 
restart the arc. 
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Borie acid also has its melting point below that at 
which rapid decomposition takes place, but the elec- 
trical resistivity of the molten boric acid is very high. 
Hence, just after the arc extinction at current zero, 
when open-circuit voltage is restored, the current sent 
through the molten surface film will be small, even for 
voltage gradients as high as those used in the tests, 
namely 550 volts r.m.s. across 44 in. The current 
will be so small, that the power will be insufficient to 
keep the boric acid film hot, and it will recongeal, thus 
permanently opening the circuit. 

While organic insulation in general has the property 
of being left with a surface of good dielectric quality 
after exposure to an arc, there is a circumstance impor- 
tant in practical a-c. network operation under which the 
insulation may be expected not to have this property. 
This is when the insulation has been subjected to a 
moderately high temperature so that it is more or less 
completely charred before the are begins to act upon 
1G: 

Such a circumstance may arise for example when a 
very low-resistance fault forms at a point in a network 
where there is available only a small short-circuit cur- 
rent, which may take a very long time to melt apart the 
low-resistance fault. Because of this long time, the 
whole cable leading to the fault may be heated and the 
insulation charred. By the time the are forms, the 
organic insulation is no longer in condition to cause its 
extinction and the are burns along the cable until it 
reaches some point where the insulation, due to lower 
temperatures, is still in condition to be effective in 
causing extinction of the arc. 


The charred insulation is ineffective in causing the 
extinction of the arc first because it has lost its more 
volatile constituents so that it produces much less gas 
per unit volume than before, and second, because now 
after exposure to the arc, the surface which is left is 
almost entirely free carbon and a good conductor while 
hot. With normal organic insulation, the rapid evolu- 
tion of gas seems to scour away the surface and keep it 
clean of carbonaceous residues, but the charred insula- 
tion has lost this property. 


X. SUMMARY AND CONCLUSIONS 


1. Short ares between copper electrodes and not 
adjacent to insulation are inadequate to meet the fault 
clearing requirements of low-voltage a-c. networks of 
more than 130 volts. 

2. Actual low-voltage networks of higher voltage 
than 130 volts depend for the extinction of arcs formed 
at faults upon the strongly deionizing action of gas 
blasts coming from decomposing adjacent insulation. 

3. The extinction of ares in cables is strongly 
affected by the degree of remoteness of the insulation 
fromthe are. Ina -in.hole in oiled paper insulation, a 


Yj-in. long are will interrupt current at 750 volts, - 


whereas in a 3%-in. hole it will fail to interrupt current at 
550 volts. 
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4. Inorganic insulating materials giving off non- 
combustible gases are also effective in aiding are extinc- 
tion. Of the various materials tried, boric acid was the 
best. 

5. Charring of organic insulation may be expected 
to cause it to lose its are extinction aiding properties. 


Bibliography 

1. A.H. Kehoe, A. I. E. E. Trans., Vol. 48, June 1924, p. 844. 

2. Extinction of an A-C. Arc, J. Slepian, A. I. HK. E. Trans.; 
Vol. 47, 1928, p. 1898. 

Theory of Deion Circuit Breaker, A. I. KE. EK. Trans., Vol. 48, 
1929, p. 523. 

Extinction of a Long A-C. Arc, A. I. EK. H. Trans., Vol. 49, 1980, 
p. 421. 

3. ‘‘Hoch leistungschutter ohne ol,” J. Bierman, £. 7. A., 
Vol. 50, July 25, 1929, p. 1073; #.T.Z., Vol. 50, Aug. 1,1929, 
p. 1114. 

4. ‘‘Cireuit Breaker Duty Affected by Speed,” C. L. Denault, 
Electrical World, Vol. 96, Nov. 15, 1930, p. 913. 

5. The Reignition of Metallic A-C. Arcs in Air, Attwood, 
Dow, and Krausnick, see page 854. 

6. Circuit Breaker Recovery Voltages, Magnitude and Rates 
of Rise, R. H. Park and N. F. Skeats, A. I. E. HE. TRAnNs., 
March 1931. p 204. 

7. T. E. Browne, Jr. and F.C. Todd. Phys. Rev., 36, 19380, 
p. 726. 

8. H. Besold and O. Mueller, #. 7. Z., 51, July 3, 1930, 
p. 953. 


Discussion 


W. R. Bullard: The statement at the end of the paper is 
interesting in that the are extinguishing features of network 
cables would be destroyed by the pre-carbonization of the cable 
insulation. This fact was discovered about four years ago during 
some tests made by the Cia Cubana de Hlectricidad in Havana, 
Cuba under the direction of the writer and was subsequently 
published in the Electrical World. I feel that most of the few sus- 
tained ares which have occurred in actual operation of a-c. net- 
works have probably been due to this particular phenomenon. 

The portion of this paper dealing with the are extinguishing 
properties of non-inflammable gases is very interesting and it 
is appropriate to inquire whether practical application may not be 
found for the knowledge thus gained. Intensive study in this 
direction would seem to be in order since the elimination of 
inflammable gas production during short-circuit conditions would 
be highly desirable, whereas our present knowledge based on the 
work outlined in this paper would indicate that the production 
of gases of some kind is necessary for proper are extinguishing 
characteristics. 

W. G. Dow: Three of the are reignition characteristics shown 
in Fig. 1 of the paper converge to a reignition voltage of 230 
at the extreme left. In contrast with this, the tests described in 
our paper see page 854 indicate convergence to a value between 
340 and 380 volts. The regularity with which the short-time 
reignition voltage repeated itself in our work was in fact very 
striking. There are several possible explanations for the dif- 
ference between the 230-volt figure in one paper and the 340- to 
380-volt values in the other. 

1. Slepian and Strom’s are reignition characteristics should 
correspond, from the method used in their determinations, to the 
lower envelope curves of Figs. 15 and 16 in our paper. Thus 
while their work makes no distinction between various individual 
restriking voltages, it does give rise to curves which mark the 
boundary between the region on the graph in which reignition 
eannot occur (below our bottom envelope) and that in which it 
may occur (above our bottom envelope). 
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Our work gives rise to a lower envelope curving upward toward 
its left end; their are reignition characteristics show no such be- 
havior. It seems to us that their method of test would not 
permit discovery of such an upward curvature. Their arc reig- 
nition characteristic is drawn tangent to all of a family of circuit 
reignition characteristics having voltage and resistance values 
such as to just fall short of producing reignition. The resistance 
shunt type of cireuit which they used produces a circuit reigni- 
tion curve which is always rising. No such curve could ever be 
tangent to that part of an are reignition characteristic which 
might lie to the left of a minimum such as our lower envelope 
has at about 25 microseconds. i. 


Tests of the type used by Slepian, Strom, and Browne! in 
locating the extreme left end of their are reignition characteristics 
would be made with relatively low-cireuit voltages (below 300 
volts peak) and high-shunt resistances. Now if the true curve 
actually has such a minimum point as our lower envelope ex- 
hibits, the peak voltage of the test circuit might be considerably 
lower than the short-time reignition voltage, and yet be suf- 
ficient to cause reignition at from 20 to 30 microseconds after the 
current zero. If the shunt resistance is adjusted until reignition 
just does oceur, it will still be occurring at or near the minimum 
point on the curve. The results of the test would in that case 
have little or no relation to the true value of reignition voltage 
required at one or two microseconds after the current zero. 

In brief, if the true are reignition characteristic does have a 
minimum value at a time later than zero: — 

(a) The method of test used by Slepian and Strom may 
not discover such a minimum. 

(b) The value of short-time reignition voltage derived 
from their tests (230 volts) will be considerably too low. 

2. In determining the family of circuit reignition curves to 
which their are reignition curve is tangent, no account was taken 
of the distributed capacity, nor of the possibility that the current 
might stop prior to reaching its zero value. In order to operate 


1. See discussion by T. E. Browne, Jr. page 868. 
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on moderate voltage circuits with the large currents used in their 
tests, the series inductance must have been rather small. This 
would tend to minimize the effect of the are-failure current being 
greater than zero. A very small value of distributed capacity, 
however, increased the probability of a dip to a negative glow 
before voltage recovery. 

In general, both of the effects just mentioned, if considered, 
would tend to shift all of the are reignition characteristics deter- 
mined by Messrs. Slepian, Strom, and Browne? toward the right. 

3. All of the are reignition characteristics appearing in the 
paper by Messrs. Slepian and Strom result from tests using cur- 
rents of 300 amperes or more. In many cases the ares were in 
rapid motion. In our work the currents were between 25 and 30 
amperes, and the are relatively stationary. These rather striking 
differences may of course provide the true explanation for the 
differences between the two sets of are reignition characteristics. 
In facet, it seems rather surprising that the two sets of tests do not 
give more divergent results than they do. 

Perhaps the most interesting part of their work is that relating 
to the effects of the presence of impregnated paper and of boric 
acid in accelerating deionization. I would like to point out in this 
connection something that is very commonly lost sight of: 
namely, that the presence of any surface whatever, liquid or 
solid, conducting or non-conducting, is a great aid to recom- 
bination of electrons and positive ions wherever the ion concen- 
tration is at all great. Recombination in the volume of a gas not 
adjacent to a surface is always much less important than that 
at any surface. Ions disappear.at the walls of an ionized region 
much as water flows over the edge of a dam; that is, practically 
every ion or electron that reaches the walls in the course of its 
random motions at once ceases to play any further role as a cur- 
rent carrier. 

The existence of turbulent motion due to evolved gases will of 
course freshly expose various parts of the ionized region to sur- 
faces, as well as exerting a cooling action which makes more dif- 


ficult the production of new ions to replace those that recombine. 
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Reignition of Metallic A-C. Arcs in Air 
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Synopsis.—Developments made in circuit breakers in the last 
two years have emphasized the necessity for obtaining experimental 
evidence of the current-voltage-time relationships that exist during 
the period when the a-c. arc between metallic electrodes passes 
through its cyclic current zero. Twenty-nine cathode-ray oscillo- 
grams of these relationships are presented. 

During the current zero period the arc electrode voltage is deter- 
mined by the circuit constants and rises until the electrode voltage 
reaches the breakdown or reignition value, which is determined by the 
deionizing influences at work while the arc is extinguished. Altera- 


INTRODUCTION 


ECENT work on the general subject of are extinc- 
tion as related to switch and circuit breaker action 
has emphasized the need for more accurate infor- 

mation concerning the conditions existing in an a-c. arc 
during the period of current zero. In particular, experi- 
mental evidence has been needed to show the rate at 
which the are voltage rises toward a reignition value 
in the new circuit direction. This paper presents a 
study of the voltage and current relationships near the 
cyclic current zero in arcs between metallic electrodes, 
at moderate values of current and voltage, based on 
some two hundred cathode-ray oscillograms. The 
cathode-ray oscillograph is necessary inasmuch as the 
voltage may change at the rate of several hundred 
millions per second. 

Records were taken with various circuit conditions, 
and with different electrode materials, shapes, and 
spacings. The electron beam in the oscillograph was 
initiated by a surge circuit controlled by a rotating 
contact synchronously driven from the same voltage 
source as that which supplied the arc. The most 
consistent results were obtained with an are between 
copper plates 8 in. sq. and 34 of an in. apart. This 
arrangement gives an arc of constant length and one 
which reaches its current zero at nearly the same part 
of each half cycle. For most of the work the power 
source was a transformer supplying 440 volts at 60 
cycles. However, for certain circuit arrangements 
requiring high reignition voltages a 660-volt supply 
was used. Thecurrents used were 25 amperes or less. 

This investigation shows that when a small value of 
are current is reached the current breaks sharply to 
substantially zero, where it remains until the discharge 
starts again with the opposite polarity. During this 
period the voltage across the arc electrodes rises 
according to the usual circuit equations until breakdown 
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tion of the circuit constants permits a variation in the rate of voltage 
rise with a consequent change in the reignition voltage. 

Permanent extinguishment of the arc occurs when the gap break- 
down voltage has risen, due to deionizing influences, to a value that 
cannot be reached by the electrode voltage controlled by circuit 
constants. 

The action of a circuit breaker in extinguishing an arc is greatly 
influenced by the presence of adjacent load circuits and by the 
presence of distributed inductance and capacity in the connecting 
lines. 


occurs, yielding first a glow discharge in the are gap and 
later an are with the new polarity. Variation of the 
circuit constants offers the opportunity to alter the 
rate of the voltage rise. It is found that a voltage 
rising slowly must rise to a relatively large value 
before breakdown occurs. The curve of breakdown 
voltage against time has been discussed by Dr. Slepian 
from a theoretical basis.. This study presents the 
experimental evidence that permits this curve to be 
found and shows the modifications that must be made 
inate 

Moreover these oscillograms show the influence that 
nearby loads exert upon arc extinction in circuit 
breakers and emphasize the necessity for further study 


To 
Oscillograph 


Kia. 


1—Circuir ror Unsnuntep Arc 


of deionizing agents in the are gap and of the influence 
of long lines with distributed constants upon are 
extinction. 


Are Current—Voltage Relations 


I. UNSHUNTED ARC 


The are current in the tests made was limited by an 
air core series reactor of sufficient size to make the 
current lag nearly 90 deg. behind the supply voltage. 
Fig. 1 shows the circuit composed of the transformer of 
voltage e, connected through the reactor L, with its 
small (but not negligible) distributed capacitance C1, 
to the arc. The are voltage e, was measured by the 
oscillograph. The time relationships existing between 
the supply voltage e,, the are voltage e, and the are 
current 7, are shown qualitatively in Fig. 2. Except 


1. EHeatinction of a Long A-C. Arc, J. Slepian, A. I. E. E. 
Trans., Vol. 49, 1930, p. 421. 
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at instants near the current zero the current is practi- 
cally a sine wave nearly 90 deg. behind the supply 
voltage. Throughout this part of the cycle the arc 
current 7, is practically the same as the current in the 
inductance, 71. 

Eventually the are current reduces sinusoidally to-a 
small value (order of 0.1 ampere) J; at which it suddenly 
fails, falling very sharply to practically zero, where it 
remains until the are again is made with current in the 
opposite sense. In some cases this transition period to 
the are in the new direction has lasted for 600 micro- 
seconds, which is 7 per cent of one-half cycle at 60 
cycles. Throughout this period the supply voltage is 
practically constant (e, = E). 

The current 7, in the inductance cannot drop instan- 
taneously and therefore surges into its own distributed 
capacitance. From t= 0 to t=t, the voltage e, 
may be computed by the usual circuit equations, inas- 


much as the are current is practically zero. See 
Appendix A. 
é. = H— E,, cos (wt + 8) (1) 
where 
perdi 225 En = | E- Ey +( of ) 
a/ Ce w Cy 


E = the maximum of the supply voltage. 
= the are voltage when the arc fails. 
I, = theare current when the arc fails. 


e, = thearc voltage during the period of t = 0 tot = ft; 
I,/o Cr ; 
ofan? Fees angle from arc failure to nega- 
=F 1 


tive maximum. 


Particular note should be made of the fact that both 
the magnitude and the phase position of the negative 
voltage maximum are determined largely by the magni- 
tude of the are current when the arc fails. The fre- 
quency of the oscillation represented by this equation 
was of the order of 30,000 cycles per sec. in the circuits 
used. During this period from ¢t = 0 to t = t, the 
current has changed from an extremely small negative 
value (much less than the 0.1 ampere arc-failure cur- 
rent) through zero at the zero of voltage to a small 
positive value. The current appears to change at 
approximately a uniform rate throughout this interval. 

At time ¢, the voltage across the electrodes no longer 
rises. In fact it drops quickly to a voltage e,, where it 
remains practically constant for a period of from zero 
to as long as 500 microseconds. The steady voltage e, 
is indicative of the existence of a glow state (high-volt- 
age small current arc). The glow voltage is of the 
order of 350 volts. During the glow the current though 
still very small rises at a considerably greater rate than 
during the preceding period. Eventually the glow 
current rises to a value sufficient to maintain an arc 
proper (low-voltage, relatively high-current phenom- 
enon). This change occurs att = t:. At this moment 
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the electrode voltage drops with great rapidity from 
the glow value of about 350 to the arc value of about 
75, the latter depending on the length of the arc. 
Throughout the remainder of the half cycle the arc 
voltage remains constant, but the are current exhibits 
its sine character. 

Typical oscillograms illustrating this circuit condition 
for arcs between iron, aluminum, and copper electrodes 
respectively are shown in Figs. 3A, B,andc. In these 
three figures the starting glow voltages are 360, 310, and 
340. The breakdown voltages preceding the glows are 
380, 320, and 380 occurring in 24, 27, and 20 micro- 
seconds respectively. There appears to be far less 
difference between these kinds of electrodes, at least, 
than between various circuit conditions for only one 
electrode material. 

It has been shown that the negative electrode voltage 
dip is due to the sharp break in the negative are current 
and depends for its magnitude upon the value of the 
current at the moment it fails. It is possible for the 
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2—UNsHUNTED Arc CURRENT AND VOLTAGE 


current to fail earlier in the cycle at a larger negative 
value. In this case the negative electrode voltage may 
drop very sharply, in practically linear manner with 
time, to a sufficient value to produce a negative glow 
which lasts for a few microseconds and dies out. After 
this the electrode voltage follows the usual cosine curve 
given by equation (1). Fig. 3D illustrates the two 
types of negative voltage dip that may occur. This 
particular oscillogram is one of an 0.0096 uf. capacity 
shunted across the arc, but similar negative dips with 
the unshunted arc have been observed frequently. 

The sudden changes of the volt-ampere relationships 
in the electrical discharge that is passing at low-current 
values are best understood in terms of the volt-ampere 
characteristics of the arc and glow discharge in air at 
atmospheric pressure. Compton? gives the type of 
characteristic shown in Fig. 44, based on the use of 
direct current over long time intervals. The oscillo- 


2. The Physical Nature of the Electric Arc, Compton, 


A. I. E. KE. Trans., 1927, p. 868. 
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grams presented in this paper clearly show the existence 
of both the are and glow states at low arc current values, 
but they indicate that the shape of the volt-ampere 
characteristic is appreciably different from that shown 
in Fig. 4A. 

In the a-c. arc, with conditions changing with great 
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Fic. ‘3—Voxrtace Oscrttocrams For Fe, Al anv Cu, 
Unsuuntep Arcs. 3p Intustrates Necative Die (RounD 
CurRvVE), anD Necative Grow (PEAKED CURVE) 


rapidity, the are current may fail at larger or smaller 
values, the larger values producing a negative glow, the 
smaller values failing to do so. A positive arc voltage 
produces a very small current growing with the voltage 
until the glow voltage is reached, when the current 
rises at practically constant voltage. This condition 
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continues until the arc current has reached a value 
sufficient to maintain an-are proper, whereupon the 
voltage drops sharply (about 400 to 75) and the current 
returns to its sinusoidal variation at constant are 
voltage. Fig. 4B is a cyclogram of are voltage against 
are current illustrating this point. This cyclogram was 
taken with a 4,000 ohms shunt across the arc, but it is 
representative of the unshunted are case. It should 
be noted in the cyclogram that the curve has a different 
shape for the two polarities in the alternating-current 
case, while an extension of Fig. 4A to include negative 
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Fic. 4—Vox3tace CURRENT CYCLOGRAMS 


A. Direct current and long time (Compton) 
B. A-c. short-time oscillogram 


currents for the direct-current situation would be a 
perfect reflection of the curve as shown but with 
reversed polarity. 


Il. RESISTANCE SHUNTED ARC 
The circuit used for the resistance shunted arc is 
shown in Fig. 74. The electrode voltage during the 
arc current zero for a resistance shunted arc must be 
written in two forms, depending upon whether the 
resistance R is greater or less than the critical resistance 
L 


i 
R., which is equal to —3— : 
which is eq 2 C. 


See Appendix B. 
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For resistances larger than the critical resistance the 
electrode voltage becomes 


Sea 3 
Gres fee 2 he [ @- By) cos wt 


1 ( L4 E-E, | 
eee ee iS pe sin wt (2) 
aia 5. eal 1 
Vari 4 R? Cy? 
\ 1 L 
ke 4) 
ee Ne 


See Appendix B-I. 


Figs. 5A, B and C illustrate this condition, For the 
first two of these cases with an infinite resistance 
equation (2) reduces to the simpler form of equation 
(1). Equation (2) holds for Fig. 5c inasmuch as the 
10,000-ohm are shunt is greater than the critical re- 
sistance of 6,125 ohms. 

The circuit conditions back of all of the oscillograms 
of Fig. 5 were identical except for the shunt resistance, 
and the maximum value of the line voltage varied only 
slightly from 975. The series reactor possessed an 
inductance L of 0.066 henrys and a distributed capacity 
Cy of 440 uwyf. This distributed capacity may easily be 
calculated by applying equation (1) to one of the curves 
of Fig. 5B. From the magnitude and phase position 
of the negative dip maximum w may be computed and 
hence Cy found. The are was struck between the cen- 
ters of two 8 in. by 8 in. parallel copper plates spaced 
34 of an in. apart. The are was semi-enclosed to 
prevent effects from stray air currents. 

For resistances smaller than the critical resistance the 
electrode voltage takes the form 


1 
e, = E-e Cx ‘| (E — E,) cosh Bt 


oe a 
= 1 
a2 — sinh 8 t | (3) 
8 CL 
rs | 1 1 
NI 4. LG. 
woe byl 
SN zaN Cr. 


See Appendix B-II. 

Figs. 5D, E, F, G and H for shunts of 4,000, 2,000, 
1,200, 800 and 500 ohms respectively may be repre- 
sented by equation (3). 

For purposes of computation equation (4) may be 
used in place of equation (3) from which it has been 
reformed. 
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introduced by its omission is less than one per cent. 

The 500-ohm shunt of Fig. 5H is the lowest resistance 
at which it was possible to operate the are. At and near 
this border line resistance the electrode voltage shows a 
peculiar hump at approximately the glow voltage. 
Sometimes the electrode space breaks into the glow at 


Fig. 6—VoLrTraGe AND CURRENT FOR RESISTANCE SHUNTED Cu 


Arc with NEGATIVE GLOW 


this stage and at other times the voltage rises to a 
higher breakdown point, then drops to glow or are value. 

The are current curve takes the general form shown 
in Fig. 2 if the electrode voltage goes through its round 
negative dip. However, if the sharp voltage drop 
leading to a negative glow occurs (Fig. 6), the current 
drops to zero simultaneously but at once rises to a 
value sufficient to sustain a negative glow, after which 
it drops gradually throughout the existence of the nega- 
tive glow, reaching zero at the end of the glow period. 
From this time on until the positive breakdown voltage 
is reached the current is extremely small and the 
voltage equations given hold. 

The reactor current can be obtained by mechanical 
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integration from the electrode voltage curve, provided 
the reactor distributed capacity is relatively small. 


E ples that 
— @ = L-7,so tha 


t= f (E-e)dt+K 
Subtracting the current through the shunt resistance 
gives the arc current. 


Ca 


Seema 


ig =t-im= f @-e)dt4K- 


The effect of the arbitrary constant may be eliminated 


7—Circuits FoR RESISTANCE AND CaApaciry SHUNTED 
Arcs 


Hie; 


A Are shunted by resistance 
B_ Arc shunted by capacity 


by choosing the are current as being zero when the arc 
voltage is zero. 
III. Capacity SHUNTED ARC 
The circuit used for the capacity shunted arc is shown 
in Fig. 78. The small distributed capacity of the series 
reactor Cy; may be neglected in comparison with the 
capacity across the are C, inasmuch as the latter is far 


’ the greater. 


The electrode voltage is given by equation (6), for 


2 


R 1 ; 
the case of ees LG: See Appendix C. 


R 


—- st 
@é=E+e * [ — @= B) cos wt 

pe eactr eee 

1 ta 1 

+ HE sin wt | (6) 

w C 
MRE ewe) eo 
=\ Le, Wages 4 L? Ci 


September 1931 


The studies presented in this paper involved a series 
resistance so low that it might be neglected. Making 
R = 0 equation (6) reduces to the form shown in 
equation (7), which is identical with equation (1) 


Fig. 8—Vox3tTaGe OsciILLOGRAMS FOR CAPACITY SHUNTED 


Cu ARC 


providing the capacity of the coil is now replaced with 
that placed across the arc. 


é. = H-—E, cos(wt + 6) 
1 


vi 


Q = 
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E, =| @- By)? + (5 ) 


The electrode voltage, with capacity shunt, may exhibit 
the rounding negative dip or the sharp drop that leads 
to the negative glow, as shown in Figs. 8A and B. In 
these figures is shown also the possibility of having 
either a glow or an arc state immediately following the 
gap breakdown. The general character of these curves 
is similar to those for resistance shunted arcs. In the 
latter however the positive glow state almost uni- 
versally appears. 

All four electrode voltages shown in Fig. 8 were 
obtained by using a capacity of 0.0125 uf. Figs. 8c 
and D illustrate a state that exists only with a relatively 
large capacity. In these figures it is seen that the 
voltage following the initial breakdown may break to 
a negative value or may develop into a sawtooth wave. 
Since the electrode and the capacity are shunted, the 
extremely rapid drop in voltage indicates a short time 
discharge of the condenser, or spark through the arc 
space. The negative voltage overshoot may be due 
to the small inductance of the condenser are path or 
to some internal are ionic condition. In the case of 
Fig. 12D, where the timing is stretched out sufficiently 
to permit measurement, the average are current was 
found to be 13 amperes during the first spark and 
approximately 8 amperes during each of the succeeding 
sparks. 

Following the spark the electrode voltage, starting 
from approximately zero, rises again according to 
equation (7) but at a steeper slope because the initial 
current J, in the series reactor path has grown consider- 
ably since the first breakdown. Spark after spark may 
follow until the series reactor current has grown to a 
point where a glow or an are may be maintained in the 
gap. A sharp crackling and hissing noise accompanies 
the operation of this type of arc. 

The oscillograms shown in Figs. 9A and B give the are 
current and voltage for identical conditions, except that 
it was necessary to introduce a small coil into the are 
path in order to measure the current. The capacity 
was 0.0125 uf. The oscillograms were taken only a 
few seconds apart. The current picture shows clearly 
the initial break in the current, the prolonged current 
zero period and the spark that occurs wheneyer the 
electrode voltage drops suddenly. The current curve 
has been offset from the zero line. The are current 
curve has approximately the same slope as the series 
reactor current for the condition of the are short-cir- 
cuited, as it should. 

Figs. 104 and B are oscillograms of a cyclogram and 
an are voltage taken a few seconds apart under the 
same conditions as those of the preceding figure. The 
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new point to be observed is the loop on the cyclogram 
which represents the current-voltage relation during 
the transition from the glow to the are. Probably the 
loop should be pointed in the current direction; the 
rounding may be partially due to the inductance of the 
small coil inserted in the are path for measurement 
purposes. The records on Fig. 114, taken at intervals 
of a few seconds, show the current and voltage with 
the same capacity (0.0125 uf.) when a sawtooth occurs. 
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Fig. 11B is the complex type of cyclogram that may be 
expected in this case. 

The effects of varying the capacity shunted across 
the are are shown in Fig. 12. Below 0.01 uf. the gap 
goes through the glow to reach the arc stage, but for 
larger capacities the sawtooth replaces the glow interval 
and the voltage changes require longer and longer 
periods. For the larger capacities the negative voltage 
dip is missing, not because the current continues until 

I, 


I, is zero but because the term Res in equation (7) be- 


comes negligibly small compared to E — E;. 


ARC-FAILURE CURRENT VALUES 

A knowledge of the numerical values of arc-failure 
currents is desirable. Now as soon as the are stops 
momentarily at the end of a half-cycle the voltage 
recovery curve starts sharply downwards (increasing 
negative values) with a slope given by 
d eq ) dé 1 
( Ae A eR EN 

as shown in the appendixes. 
Theoretically this provides a measure of I;, which is 


(8) 
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the arc-failure current for any particular record. 
Practically the slope is changing with considerable 
rapidity at this moment, so that it is impossible to 
obtain an accurate measure of the current by this 
means. 

The trace ordinarily continues downward to a nega- 
tive maximum which provides a good measure of the 
arc-failure current. Equation (9), obtained by equat- 
ing the derivative of equation (4) to zero and rearrang- 
ing, shows the relation between J, and the extreme 
of the negative dip, for the logarithmic case with a 
resistance shunt. 
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21I,R 
rere et 
T= m= E (10) 


€m = negative maximum voltage. 
tm = time at which it occurs. 
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A, = ae 1 = — er 1 
1S GATES EOS, ae 
eR, 3 a? DO 
Ai, 8 and a have the meanings previously assigned. 
Re ee shade Mi Gi 


Equation (10) can readily be put into a form giving a 
direct solution for J; in terms of ¢,,, but in the records 
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obtained t, could not be accurately measured. It is 
easy, however, to measure é,, closely. J, is then obtain- 
able by a trial and error solution of equation (9), in 
Ag 
which T * is only slightly sensitive to changes in J;. 
eS 
The greatest value of T * forall of the records studied 
was about 1.2, obtained in one of the 4,000-ohm cases; 
its minimum was of course unity. 

For very small values of a, such as occur in the 
present study when R is 500 ohms, A; and A, can be 
neglected entirely, giving the still simpler form of 
equation (11). 
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Ee te i) (11) 
For the harmonic case with a resistance shunt equa- 
tion (12), obtained in a manner similar to equation (9), 


provides the best approach to J,. 
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As in the preceding case, a trial solution is required if 
tm cannot be accurately measured. 

For the capacity shunted arc, EH — e, becomes E,, 
in equation (1), which is very readily solved for I. 

Of course if the arc-failure current is large enough so 
that the negative maximum that it would naturally 
reach exceeds the reignition voltage, a negative glow 
forms, and the normal extreme indicated by the circuit 
equations is never reached: This makes impossible 
an accurate determination of the arc-failure currents 
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Fig. 13—Arc-FarturE CURRENTS FOR RESISTANCE SHUNTS 


for such cases; all that can be said is that they exceed a 
certain value. 

Complete calculations have been made of the arc- 
failure currents from those traces that did not indicate 
a negative glow, the determinations being based on the 
extreme negative dip of the voltage recovery curve. 
The values obtained vary widely, but nevertheless 
exhibit a consistent trend in relation to shunt resistance 
values used. This is illustrated in Fig. 18, in which 
a heavy vertical line extends from the extreme lower to 
the upper value of arc-failure current observed with 
each resistance condition studied. The solid curve 
marking the upper ends of these lines merely indicates 
the boundary between currents that will and those 
that will not produce a negative glow. 

Dotted lines join points that have been plotted to 
indicate the average of those arc-failure currents that 
did not produce a negative glow. Of course the omis- 
sion of the glow cases prevents the averages from being 
of great significance, since every omission indicates an 
are failure at a current near to or above the maximum 
of those contributing to the average. There is never- 
theless a sufficiently definite trend to make the plot of 
interest. The figure adjacent to each point is the num- 
ber of records contributing to the average, and at the 
top of each heavy vertical line is another figure which 
stands for the number of records made indicating a 
negative glow. 

Fig. 18 indicates that the resistance acts in some way 
to affect the most likely value of arc-failure current, 
and to change the likelihood of very small or very 


ATTWOOD, DOW AND KRAUSNICK 


Transactions A. I. E. E. 


large values. A low resistance is favorable toward arc 
failure at a relatively high value of are current. A large 
capacity seems to have a similar tendency. 

The maximum arc-failure current evaluated, con- 
sidering all the observations with resistance and with 
capacitance in parallel with the arc, was less than 0.6 
ampere. Some that resulted in a negative glow may 
have been slightly greater. The minimum determined 
was about 0.03 ampere. Values less than 0.05 ampere 
were very unusual. 


ARC LEAKAGE WITH RESISTANCE SHUNTS 


A peculiar behavior of considerable interest is ex- 
hibited most. clearly in Fig. 5G. There is a sudden 
change in the slope of the voltage rise curve just before 
it reaches zero on the return from the negative peak. 
This is quite pronounced in the 1,200-ohm and 800-ohm 
records, and actually exists to a greater or less extent 
in all of the logarithmic cases except that for 4,000 ohms. 
In order to analyze it carefully the extreme left record 
of Fig. 5E has been reproduced as the solid line in 
Fig. 14. The lower dotted line represents the theo- 
retical curve resulting from equation (3) that should 
be expected from an arc-failure current sufficient to 
give the negative voltage peak that does occur. The 
oscillographic record follows the theoretical curve very 
closely until shortly after the negative peak is reached, 
then for a short time the potential between the elec- 
trodes decreases much more rapidly than it would 
according to circuit theory. This is indicated by the 
departure of the voltage trace from the lower line. 
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Errect oF THE Arc-LEAKAGE CURRENT 


As soon as zero. voltage is reached it again follows a 
theoretical curve closely until reignition. The new 
curve has the same decrement and final asymptote as 
the original one, but differs in reference to initial 
conditions. 

This indicates that for a few microseconds after the 
negative peak an appreciable “leak” of current takes 
place between the electrodes, without, however, 
resulting in a negative glow at its characteristic voltage. 
No such behavior as is illustrated in Fig. 14 appeared to 
take place in the capacity shunt observations. 
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REIGNITION VOLTAGE AS RELATED TO CIRCUIT 
CONSTANTS 

One of the primary objectives of this investigation 
has been the determination of the nature of the rela- 
tionship that exists between the value of voltage 
required for reignition and the time taken to reach that 
voltage. A program to meet this requirement neces- 
sitated modifying the circuit constants in such a way as 
to cause the voltage to rise at widely different rates. 
This was done by the use, first of resistance, then 
capacity, in parallel with the arc. The results of the 
resistance tests appear in Fig. 5, and those with the 
capacity in Fig. 12. . 

In making the tests for Figs. 5 and 12 considerable 
pains were taken to maintain the arc length, current, 
and power consumption constant. In spite of this 
quite a variation in reignition voltage appeared, es- 
pecially in the case of slowly rising voltages. The 
results of all the tests that were made on the 34-in. 
25-ampere 660-volt circuit arc are combined in Figs. 15 
and 16. Each point on these graphs represents a 
relgnition voltage, plotted against time measured from 
the instant at which the are current failed. 

Referring back to Fig. 14, it is seen that after zero 
voltage the recovery curve with a resistance shunt 
follows a theoretical trace dependent on the logarithmic 
decrement determined by circuit constants, on the 
asymptote determined by line voltage, and on the time 
at which zero voltage occurs. The dotted lines in 
Fig. 15 are such curves calculated from equation (4). 
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25-ampere, 660-volt, 3/4-in. arc between flat copper electrodes 


In placing them the zero voltage time was selected so 
to make the curve lie as close as possible to all of the 
observed reignition points. 

In Fig. 16, representing the capacity shunt condition, 
the dotted lines that appear for each value of capacity 
used are theoretical voltage rise curves calculated from 
equation (7). The values of arc failure currents used 
in the calculations were chosen to produce curves best 
fitting the observed reignition points. These currents 
may be regarded as representative arc-failure currents 
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for each set of circuit conditions. The occasional points 
at some distance from the curves merely indicate arc- 
current failure at some value considerably different from 
the representative value chosen for the curve. For 
the 0.05, 0.2, 0.33 and 0.5 uf. capacity conditions the 
most representative arc-failure currents were so small, 
relative to other terms in the equation, that they 
had a negligible effect on the positions of the curves. 

A small group of points to the extreme left of both 
figures, between 330 and 380 volts, and between one 
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Fig. 
25-ampere, 660-volt, 3/4-in. arc between flat copper electrodes 


and two microseconds, is taken from ignition points 
of the negative glow. These fit very well into the 
general appearance of the rest of the diagram; this 
tends to discount any supposition that would make the 
change in polarity of importance in determining the 
short-time re-striking voltage. 

Closely related to the requirement of a generally 
higher re-striking voltage for smallerresistances or larger 
capacities there developed a consistently increasing 
difficulty in maintaining the are for any great length 
of time. After only a few seconds of operation with 
small resistances or large capacities, and at some 
apparently accidentally determined half-cycle, the 
required re-striking voltage continued indefinitely to 
exceed the recovering voltage, hence the are ceased. 

The upper and lower envelope curves that appear 
on Figs. 15 and 16 provide a demarcation of the zone 
within which reignition occurred. It is interesting 
to note that the reignition locus obtained by Slepian 
using an indirect method is in general similar in shape 
to the upper envelope, but starts at a short-time value 
of 235 volts and is correspondingly low in value through- 
out its length. This locus is plotted on Figs. 15 and 16 
for comparison. | 

The general features of these locus figures may be 
summed up as follows: 

(1) For a very short time delay, the reignition 
voltage is quite definite in value, and is about the same 
as the glow voltage, but perhaps a trifle higher. 
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(2) As the voltage rise is delayed, the reignition 
voltage value varies between wide limits, the maximum 
rising considerably above the glow voltage, the mini- 
mum not changing greatly. 

(3) There is no very marked difference between the 
reignition voltage required for a given time delay 
produced by resistance and that produced by capacity. 
The envelope curves in the two diagrams are identical. 

It seems difficult to account for the great variation 
in late reignition voltages in terms of the various de- 
ionization processes that have been'supposed to exist; 
especially is this true for the occasional very low re- 
striking voltages. In the experiments leading to 
Figs. 15 and 16 the ends of the arc were not stationary; 
they traveled, relatively slowly, on the surfaces of the 
copper plates that served as electrodes. The motion, 
while not rapid, was certainly sufficient to expose the 
are to operation on surfaces differing from one moment 
to the next due to local irregularities. It may be that 
the variations observed resulted from these surface 
irregularities. 

In a glow discharge the electron stream from the 
cathode leaves the body of the metal as a result of a 
combination of several causes, among them being bom- 
bardment by positive ions and the existence of a po- 
tential gradient due to a space-charge adjacent to the 
metal surface. The severity of the ion bombardment 
is of course closely related to the potential gradient at 
the cathode and to the space-charge. It seems reason- 
able to suppose that when some critical gradient at 
the surface is reached, electrons are suddenly released 
freely enough to support a glow discharge. In this 
case the reignition voltage might be expected to depend 
somewhat on surface irregularities, surface tempera- 
ture, and space-charge distribution in the arc path, 
all of these being variable elements. 


APPLICATION TO POWER SYSTEMS 


The facts that have been presented are of interest in 
a consideration of conditions under which circuit 
breakers on electric power systems must operate. 
Manufacturers have observed that circuit breaker 
test installations in which reactance coils are used 
to limit short-circuit current impose an actual circuit 
breaker duty more severe than that resulting from the 
same current interruption requirement in normal 
service ona power system. The difference is attributed 
to the introduction of a considerable capacity in paral- 
lel with the are by the lines and apparatus that limit 
the short-circuit current, and to the production of a 
condition roughly equivalent to a parallel resistance by 
the presence of load circuits. Both situations delay 
the voltage rise toward reignition, thereby permitting 
a longer time for recovery of dielectric strength in the 
are region. This of course favors an early extinguish- 
ing of the are. 


A single-phase short circuit is usually interrupted by 
an oil switch in which there are two breaks in series in 
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each of the two line wires involved. There will then 
be four ares in series in which reignition must occur if 
the arc is to persist after the end of any given half- 
cycle. Due to the variability of the reignition voltage, 
it is not to be supposed that all four arcs will reach 
re-striking voltage at exactly. the same instant, but as 
soon as one breaks down the others will follow im- 
mediately due to the increased voltage imposed on 
them. If the electrostatic fields in the circuit breaker 
are such as to produce an approximately even distribu- 
tion of the total voltage between the four breaks, the 
over-all reignition voltage will be approximately four 
times that for any one are. 

In oil circuit breakers the arc is drawn in oil. After 
a very short time it is playing in a bubble of gas formed 
by the decomposition of oil. The reignition and glow 
voltages cannot be expected to be the same in these 
gases as in air, but they should be of the same order of 
magnitude. The total reignition voltage can then be 
represented in the manner of Figs. 15 and 16 except 
with voltages in general about four times as great. 

The calculation of the voltage rise curves for a trans- 
mission circuit is complicated by the necessity of con- 
sidering distributed capacity and inductance in their. 
relation to the time required for the propagation of an 
electrical impulse along a line. Thus it requires about 
50 microseconds for an ‘mpulse to traverse 10 miles of 
line; therefore it would seem that only the capacity of 
that part of the line less than 10 miles from the circuit 
breaker can effect the voltage across the arc during the 
first 50 microseconds of voltage rise. Furthermore, the 
effect of the distributed capacity of a given section of 
line will depend on the inductance to be traversed by 
the charge in reaching it. The authors plan to present 
an analysis of this situation in the near future. For 
the present, however, a few general observations can 
be made as to what is likely to occur. 

In general, power system voltages are much higher 
than those used in securing the results that have been , 
described. Equations (1), (2), (3) and (4) all show 
that these higher voltages result in a tendency toward 
a correspondingly greater rate of voltage rise toward 
reignition. However, the values of inductance and 
capacity that apply to transmission circuits are also 
much larger than those used here. Rough estimates 
using characteristic values of circuit constants make it 
seem probable that the net result is a delay of re- 
ignition by periods of time of the order of magnitude of 
those illustrated in the oscillograms. 

There will of course be great differences in the rates 
of voltage recovery according to the location of a cir- 
cuit breaker in a transmission system. There, seems 
no doubt, for example, but that the voltage rise in a 
circuit breaker just off a generating station bus will 
take place very much more rapidly than in one located 
at the load end of a 100-kv. line of considerable length. 

The current density in an arc is usually approximately 
constant. Changes in total current result in an in- 
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crease or decrease in the cross sectional area of the are 
stream and in the area of the cathode spot from which 
the electron stream emerges. As yet no reason is 
apparent for believing that the decreasing current in 
an arc of 1,000 amperes r.m.s. value will cease at a 
minimum value any higher than the 0.05 to 0.6 ampere 
found here to apply in the case of a 25-ampere arc. 
The larger are current will produce a higher electrode 
temperature, and this might easily favor a lower 
arc-failure current. In an application to practical 
problems the arc-failure current is of much less im- 


“ portance on high voltage than on moderate voltage 


circuits so far as its effect on the rate of voltage recovery 
is concerned. 

The are studied in this investigation was 34 in. long. 
When interrupting a short circuit of any considerable 
magnitude a circuit breaker are will be maintained to a 
considerably greater length than this, and while it 
lasts each half-cycle will end with a considerably 
greater electrode spacing than did the preceding one. 

The voltage required for reignition in the case of 
extremely rapid voltage recovery is approximately 
the glow voltage. With a moderately short electrode 
spacing this is much higher than the normal are volt- 
age that exists during the greater part of each half- 
cycle. Most of the potential difference between 
electrodes in the glow occurs in the cathode drop 
associated with the positive ion space-charge adjacent 
to the cathode. This cathode drop is of course not 
affected by increased electrode spacing. As the elec- 
trodes separate the glow voltage increases, but not 
nearly in proportion to the change in spacing, as the 
increase takes place entirely in the region between the 
cathode drop and the anode. 

As the cathode drop in the normal arc is a much 
smaller fraction of the total than is that in the glow, 
the are voltage may be expected to increase much more 
rapidly than the glow voltage as the electrodes spread. 
By the time the separation is several inches the two may 
be approximately equal. It is very unlikely, however, 
that the short-time reignition voltage will ever be less 
than the normal are voltage. If it were to be so, a 
complete half-cycle of glow, at low current and glow 
voltage, would immediately precede final arc extinc- 
tion. Such behavior in a circuit breaker would be 
readily observable in the voltage and current traces 
of an ordinary oscillographic record, and no tests 
indicating it have come to the authors’ attention. 
Low-voltage arcs between copper rods have, however, 
been observed to extinguish immediately following a 
half-cycle at glow rather than at are voltage, the ex- 
tinction resulting from gradual electrode separation. 

In any case, the short-time reignition voltage will 
be greater for each successive half-cycle as the elec- 
trodes separate. In addition to producing this change, 
the greater spacing permits readier access of relatively 
cold oil vapors and in this and other ways accelerates 
the deionization that is taking place in the arc region 
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prior to reignition. This acceleration appears as an 
increase of slope in the reignition locus. Thus the 
reignition locus for each half-cycle should be steeper 
than the previous one as well as starting at a higher 
value. 

In Fig. 17 an illustrative set of expected reignition 
loci for three successive half-cycles during a circuit 
breaker operation has been sketched qualitatively. 
Each one of these represents what must inevitably be 
true, that at every instant of time following each cur- 
rent zero there is some definite voltage that would 
cause reignition, and that this voltage increases with 
the passage of time. The reignition zones for a 34-in. 
are in air, bounded by envelope curves of Figs. 15 and 
16, indicate the limits within which a reignition locus 
representing the behavior at the end of that particular 
half-cycle corresponding to a 34-in. separation must lie. 
It will be observed that the reignition curves have been 
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represented in Fig. 17 as increasing both in short-time 
value and in steepness for successive half-cycles in 
accordance with the preceding discussion. 

The lower family of curves of Fig. 17 represents 
typical voltage recovery curves, of the capacity shunt 
type, for successive half-cycles, numbered to corre- 
spond with the proper reignition locus. Each curve 
starts at a lower point on the graph than its predecessor 
because of the greater are length and consequent 
greater normal are voltage. The shapes of these curves 
are all alike, however, as they depend only on circuit 
constants external to the active breaker. 

As soon as the electrode separation results in a 
reignition locus not intersected by the corresponding 
voltage rise curve, as illustrated by the No. 3 pair of 
Fig. 17, the circuit breaker duty is completed; the 
are will not re-strike. It is evident that in any situ- 
ation where the circuit constants result in a very rapid 
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voltage recovery, there must be compensation for this 
by a correspondingly rapid deionization in the region 
between the electrodes if the arc is not to be drawn out 
to an extreme length. Also, on the whole, a parallel 
resistance condition should be more favorable than a 
parallel capacity, as it would not demand ultimately 
so steep a slope of the reignition locus to result in a 
failure of the curves to intersect. 


SUMMARY 


A series of oscillographic records of voltage. and cur- 
rent in an a-c. arc between copper electrodes, taken 
near the moment of current reversal, has indicated the 
following points: 

1. Fora brief but measurable period at the end of 
each half-cycle the current between the electrodes is 
essentially zero. 

2. The. values of electrode potential difference 
during this time can be accurately predicted if the 
electrical constants of the circuit and the values of are 
voltage and current at the moment the arc stops are 
known; or conversely, if the voltage trace is known, 
the arc-failure current can be obtained. 

3. Before current can pass in the new direction 
the voltage between the electrodes must rise to a 
definite minimum value. For copper electrodes in 
air at atmospheric pressure this is about 300 volts, and 
is very little affected by electrode shape or placement 
up to spacings of at least one inch. 

(4) Under certain conditions the electric current 
flow between the electrodes just before or after the 
current zero, or both, may take the form recognized as 
a glow discharge, the glow voltage being about the 
same as the minimum reignition potential. 

(5) If either resistance, or capacity, or both, are 
connected in parallel with the arc, the rate of voltage 
rise in the new direction is materially decreased. Asso- 
ciated with this time delay in the approach to reignition 
potential an increase in the voltage required for reigni- 
tion usually occurs. The change, however, is not 
consistent from one half-cycle to the next, due to vari- 
able factors whose nature is not yet definitely 
determined. 

(6) As applied to circuit breakers on power trans- 
mission and distribution systems the equations for 
electrode voltage during the period of zero are current 
involve consideration of distributed inductance and 
capacity, and perhaps more important, the time of 
propagation of the electrical impulses between points 
concerned on the circuit. 

(7) The rate of voltage rise toward reignition in 
power system circuits may be expected to be greatly 
affected by the position of the circuit breaker and fault 
relative to the inductance and distributed capacity 
of the system. 

(8) The presence of load circuits paralleled with the 
are adjacent to its input side may be expected to act 
in the same general manner as a resistance in parallel 
with the arc, tending to cause a delay in the rise toward 
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reignition, with a consequent lessening of the expected 
severity of circuit breaker duty. 

(9) Increasing length of are due to progressive elec- 
trode separation may reasonably be expected to result 
in a greater initial value, and greater steepness, of the 
reignition locus, and in a simultaneous lowering of the 
voltage available for reignition at any specified moment 
following the current zero. The arc extinguishes when 
at the end of some half cycle the voltage curve fails to 
cross the reignition locus. 
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Discussion 


- T. E. Browne, Jr,: The investigation described in this paper 

is of extreme interest to those of us who are working on the prob- 
lem of are extinction, and a very welcome contribution to our 
knowledge of this subject. These oscillograms are, so far as I 
know, the first to be obtained showing directly on a time axis 
just what occurs to the current and voltage of a short a-c. are 
during the elusive current zero period. Theories have, in the 
past, been only rough and approximate because of our lack of 
means for accurately checking them experimentally. The paper 
gives a commendably thorough interpretation and analysis of 
these important oscillograms, and of their relation to the prob- 
lems of circuit interruption at moderate voltages. 

Although many of the facts presented had previously been 
learned by less direct methods, there are several distinctly new 
contributions. Some of these are in confirmation of previous 
theoretical deductions, while others have not hitherto been sus- 
pected. In the first place, it is definitely shown that there does 
exist, even for the fastest practical circuits, a measurable period 
of time during which the current through the are is sensibly zero 
and the voltage across the are terminals is controlled almost 
entirely by the transient characteristics of the circuit in which the 
are is playing. It is also shown, however, that during this period 


September 1931 


there may be a small “‘leakage”’ current of sufficient magnitude to 
measurably alter the circuit transient. The existence of such a 
current has already been postulated in connection with the theory 
of the formation of a space charge sheath at the cathode.! It is 
also revealed that the circuit transient depends to some extent on 
the are failure current, which is largely a random quantity, but 
is in turn partially determined by the circuit constants. The 
occurrence of a “‘negative glow”’ preceding reversal of are voltage 
is also recorded for the first time. 

It may be of interest to call attention to the points of agree- 
ment and also of apparent disagreement between the results 
of these experiments and the results of an earlier but somewhat 
similar investigation? using a cathode-ray oscilloscope. In the 
former case, photoyraphic records of individual are reignitions 
could not be obtained, but by photographing the figures produced 
on the fluorescent screen by a:-large number (900) of retracings of 
the dynamic volt-ampere characteristic (or ‘‘cyclogram’’) of a 
steadily running are, records of the average type of voltage and 
current variation near current zero were obtained for short ares 
under a variety of conditions. With plane copper electrodes, 
three distinct types of ares having different restriking charac- 
teristics were observed. They are as follows: (1) the stationary 
are, with terminals remaining in one position on the electrodes 
long enough to produce melting and boiling of the electrode sur- 
faces, with resulting burring and pitting; (2) the ““wandering”’ 
are, which moves more or less discontinuously from one adjacent 
spot to the next, leaving a marked trail but not causing appre- 
ciable burning away of the electrode surfaces; and (8) the so- 
called ‘‘cold-cathode’” or Stolt‘ are in which the are terminals are 
moved over the electrodes with such velocity that no burning 
oceurs, even with very large currents. 

The first type of are was very difficult to obtain with clean 
electrodes and currents less than 100 amperes. It is believed, 
however, that this is the normal type of copper-electrode are for 
currents of several hundred amperes or more, where considerable 
melting and burning away of the electrodes is generally observed. 
Such an arc is therefore of primary practical interest since it is 
the most likely to occur in the operation of ordinary contactors 
and circuit breakers. In the earlier investigation referred to, 
its reignition voltages appeared to vary widely between values 
slightly in excess of the glow voltage and values very much less 
than this. No indication of the existence of an actual glow was 
observed. 

The third type of are can be obtained only by very rapidly 
rotating the electrodes mechanically or the are magnetically. 
This is a special case. It has been shown? to possess the desirable 
characteristics of requiring comparatively high reignition voltages 
(more than three times glow voltage observed), even in the fastest 
circuits obtainable, and of normally breaking down to an un- 
usually long-lived glow at constant voltage before transition to 
the are. 

It is clearly the second type, or wandering are, which the 
authors of this paper have used in their experiments. The 
peculiar tendency of the voltage of the intermediate glow dis- 
charge to increase substantially with current immediately follow- 
ing its initial formation, as shown by the oscillograms and eyclo- 
grams of Figs. 3,5, and 10, produce a repeated volt-ampere charac- 
teristic, which appeared to Mr. Todd and myself to defy any 
reasonable explanation at the time of the previous investigation. 
It is gratifying to see this puzzling case completely analyzed here, 
but the peculiar variation of the glow voltage still lacks explana- 
tion. The fact that the reignition and glow voltages measured 
by the authors are somewhat higher than those found in the earlier 
tests is probably due to the additional voltage required by the 


1. Extinction of an A-C. Arc, J. Slepian, Trans. A. I. E. E., Vol. 47, 
1928, p. 1398. 

2. “Restriking of Short A-C. Ares,’ F. C. Todd and T. E. Browne, Jr., 
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4. H. Stolt, Ann. d. Physik, 74, 1924, pp. 80-104. 


REIGNITION OF METALLIC A-C. ARCS IN AIR 


869 


34-inch positive column, which cannot be neglected for the longer 
electrode separation. The non-occurrence of a ‘negative glow” 
in the former experiments with the wandering are may be due to 
different circuit characteristics, which did not produce quite as 
high “negative dip’’ voltages, or to the higher are current (92 
amperes), which may have the same effect. 


Perhaps the most interesting feature of the paper from a prac- 
tical standpoint is the evidence presented in regard to the varia- 
tion with time after current zero of the voltage required to 
reignite the are. The most noticeable feature of Figs. 15 and 16, 
which show this relation, is the extreme variability of this voltage 
from one-half cycle to the next under the same are and circuit 
conditions. This fact agrees with past experience and observa- 
tion? though it is still not fully understood. On the basis of 
present theory,! it would seem to represent variation in the mini- 
mum thickness of the space charge sheath at the incoming 
cathode, which can be caused by varying contour and condition 
of the electrode surfaces, as suggested by the authors, and per- 
haps also by varying density of ionization next to the cathode due 
to turbulence of the are gases. In consequence of this variation, 
the are space obviously cannot be said to have, in general, a 
definite breakdown voltage at a given instant of time. Therefore, 
we can only say that there is a certain probability that a given 
voltage will cause reignition of the are when applied after a given 
interval following a current zero. This probability may be ex- 
pected to be a function, not only of the voltage and time coor- 
dinates of the graphs, but also of the length of time during which 
a voltage in excess of the minimum breakdown value is applied. 
Thus, a rapidly rising transient may be expected to reach a higher 
voltage before breakdown than will a transient passing through 


the region of high breakdown probability (bounded by the 


envelopes in the figures) at the same time but rising at a slower 
rate. Probability of breakdown with a given voltage applied 
after a given interval and for a given length of time may also be 
expected to vary somewhat with the area of the space charge 
sheath, and therefore with the are current, since the likelihood 
of the random occurrence of a ‘‘thin spot,’’ having a breakdown 
voltage near to the possible minimum, increases with the area of 
the sheath. From this it follows that lower and more consistent 
breakdown voltages are to be expected when using larger currents 
than the 25 amperes employed in these experiments; and this is 
borne out by experience in the laboratory. 

In the “indirect”? method by which the so-called ‘“‘Slepian’s 
focus,’”’ shown in the figures, was obtained, the rate of rise of eir- 
cuit voltage to different peak values was also controlled by resis- 
tance shunts, (as in Fig. 15), but the final adjustment of these was 
such that at each circuit voltage the are would just fail to re- 
ignite after one-half cycle. The transients corresponding to 
these critical circuit constants were plotted by means of an ap- 
proximate equation, and the curve shown was drawn as their 
envelope. These applied voltage curves were probably quite 
flat as they approached the region of high probability. of break- 
down, and so would not be likely to rise much above the lower 
boundary of the region without causing restriking of the are. 
Also, the currents used were of the order of hundreds of amperes. 
Consequently, their envelope might be expected to correspond 
very closely to the lower branch of the envelope determined by the 
authors of this paper. It is believed that such a curve gives the 
most accurate practical measure of the dielectric strength, or the 
minimum breakdown voltage, of an are space obtainable, pro- 
vided that the critical voltage recovery curves are accurately 
plotted. Unfortunately, the particular locus shown was ob- 
tained for an are of the third type mentioned above (high-speed 
cold-cathode are as used in the deion-air circuit breaker)° and so 
cannot be directly compared with the results given here. The 
above method applied to a 1/16-in., 300-ampere are of the first, 
or stationary type (normal for large currents) yields a curve, 
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which, though also not directly comparable, is very similar in 
shape to the lower envelope of these figures, but lies about 150 
volts below it. 

Part of this discrepancy is very probably due to the distinetly 
different reignition characteristics already described and also to 
the difference in are lengths in the two cases. However, it also 
seems from this work that our curves are too low, since in plotting 
the individual voltage rise curves of which it is the envelope, no 
account. was taken of either the negative dip, due to finite arc 
failure current and are voltage at current failure or of the re- 
actor distributed capacity, both of which tend (as shown by the 
exact equations given) to cause the maximum value of the re- 
covered voltage to exceed that given by the simple equation which 
was actually used. We may conclude, then, that the actual 
values of voltage which may be suecessfully withstood by a very 
short are space between hot copper electrodes following the zero 
of a large current lie on a curve that probably falls somewhere 
between our curve, shown in Mr. Strom’s paper, and the lower 
envelope of the region determined by Attwood, Dow, and 
Krausnick. 

Before coneluding, I wish to emphasize the need of caution in 
attempting to generalize about the behavior of short ares from 
the results of these limited experiments. In our work in the lab- 
oratory, it has been found that the characteristics of short a-c. 
ares, particularly with regard to extinction, may depend to a very 
large extent upon such conditions as eurrent magnitude, are 
length, electrode material, and gas medium,‘ as well as upon the 
conditions of motion or lack of motion mentioned above. 

With regard to the attempt of the authors of this paper to 
apply their results to the action of circuit breakers in high-voltage 
power circuits, I believe a further work of caution is needed. 
It is undoubtedly true that the curves of their Fig. 17 do give a 
rough qualitative picture of the race between recovered voltage 
and recovered ability to withstand voltage, which, as Dr. 
Slepian! and others have already pointed out, determines the 
extinction or reignition of an a-c. are in any practical circuit. 
However, it must be kept in mind that the few hundred volts 
which ean be withstood by the space adjacent to the cathode in 
the length of time usually available is inadequate to account for 
the interruption of power circuits involving thousands of volts, 
even when four breaks in series are considered, and electrostatic 
unbalanee’ is neglected. It is clear, then, that a very large part 
of the high dielectric strength recovered by long a-c. ares at 
current zero must reside in the main body of the are path, where 


6. “Extinction of Short A-C. Arcs Between Brass Electrodes,’’ T. E. 
Browne, Jr. and F. C. Todd, Phys. Rev., Aug. 15, 1930, p. 726. 
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the mechanism of deionizatin, and therefore both the manner of 
recovery with time and the effect on this recovery of possible in- 
fluencing factors may be entirely different from those relating 
to the region next to the cathode. This is, of course, especially 
true of oil circuit breaker ares where both are and interrupted | 
gradients are many times those for an are in air. Although in 
recent years much progress has been made in determining the 
factors that improve the interrupting ability of long a-c. ares and 
in applying this knowledge to practical circuit-breakers, there is 
still no experimental information or exact theory with regard to 
the variation of dielectric strength of a long a-e. are with time 
during the first few microseconds of the current zero period. 
Consequently, we should be careful to keep our minds open on 
this point until information is obtained that can be directly 
applied. 

S. S. Attwood: The ‘“‘leakage’’ current oceurring during 
the interval which we described as the “current zero period”’ 
was only a simple fraction of an ampere. Had this current 
disturbed the circuit transient, our equations would hardly have 
held true. On the contrary the voltage equations proved to be 
correct to a surprising degree of accuracy. The slight slope of 
the current (so called current-zero) in Fig. 94 shows this leakage. 

The ares discussed in this paper were purely of the type which 
Mr. Browne describes as ‘‘wandering,’’ inasmuch as they were 
moving slowly over the electrodes and the oscillograms were 
taken at any convenient current-zero period. However, the 
authors have since taken further oscillograms of arcs at the end 
of the first half eyele, when the are life was perhaps only one- 
quarter cycle. The oscillograms are practically identical with 
those shown in the paper. In this short arc-life the wandering 
was very small. 

Cathode-ray oscillograms recently taken of a 90-ampere 
“cold-cathode”’ are moving at a considerable speed indicated a 
reignition voltage of about 1,000 volts and the existence of a 
prolonged glow at this voltage, which is about three times the 
glow values given in the paper, and is in entire agreement with 
Mr. Browne’s observations. This high reignition and glow 
voltage value certainly distinguishes the cold cathode from the 
wandering are. 

It is suggested*that reignition variability is due to variability 
of cathode space-charge sheath. Alternately; the authors 
would like to suggest the presence of electrode impurities as a 
likely cause of variability. It has been brought to our attention 


‘that the presence of certain foreign elements, purposely incor- 


porated in the electrodes, tends to insure restriking of the are. 
The wandering are should be peculiarly sensitive to this in- 
fluence. Impurities alone may be enough to account for the 
irregularity. 
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Synopsis.—The primary network is similar to the low-voltage 
network in so far as the interconnection of the secondary mains is 
concerned. Two transformation steps are required in the primary 
network described here, and only one in the low-voltage network. 
Nevertheless, the primary network has economic possibilities which 
should be considered for areas of medium load density. 

A preliminary study of the so-called primary network indicated 
that the principle had possibilities worthy of exploitation. It was, 
therefore, decided that such a network would be installed if at all 
feasible to obtain operating experience with the system. 


INTRODUCTION 


HIS paper is presented to describe a system of 
electric distribution which offers great possibilities 
in the effort of the engineers of the power industry 

toward rendering better service to the consumer at a 
lower cost. 

A network may be said to exist when the secondaries 
of two or more transformers not at the same location 
are connected in parallel to supply a load. This 
definition may be applied to low-voltage or high-voltage 
networks. 

Low-voltage or secondary a-c. networks have been 
applied to areas of high-load density (10,000 kva. per 
sq. mi. and above) and the principles of design have 
been described in previous papers. The elimination of 
the substation is a major source of economy in this 
system. In the radial system two conversion steps 
were necessary, first, from the generator voltage (11-138 
kv.) to distribution voltage (4 kv.) and second, from 
distribution voltage to a utilization value (110-120 
volts). The secondary network permits this conversion 
to be made in one step (from 11-13 kv. to 110-120 volts) 
thus eliminating the substation. 


The secondary network as applied to areas with load 
densities of 10,000 kva. per sq. mi. and above, are 
generally underground systems. Residential and com- 
mercial areas (6,000 kva. per sq. mi. and below) are 
usually fed by the overhead radial systems. 


In 1927 there was suggested a method of distribution 
utilizing the general principles of the high-tension 
network. This scheme utilized a number of substations 
of moderate size (5,000 kva.) interconnected on the 
4-kv. side forming a primary network.! 


This principle of interconnecting 4-kv. mains, and 
certain principles used in the design of secondary 
networks have been combined in a new design of 
primary network fed at transmission voltage. This 
design is described below, together with an outline of 
the advantages of the system. 


*Byllesby Engineering & Management Corp., Chicago, Ill. 
1. “Serving a Medium Voltage Network,” by D. K. Blake, 
Electrical World, March 5, 1927. 
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The design work for this initial installation is complete and 
construction work has started. 

It is recognized that there is a number of problems to be worked out 
more thoroughly. As experience in operation is obtained, and with 
intensive study of the requirements it is expected that improvements 
will be made and the designs materially simplified. 

Even with the limitations existing at the time of writing it appears 
that the primary network offers important advantages over the radial 


system for certain types of load. 
* ok * * * 


THE PRIMARY NETWORK COMPARED WITH THE RADIAL 
SYSTEM 

A typical radial distribution system is shown in Fig. 1. 
There are four elements in this system (a) the transmis- 
sion feeder from the source of supply to the substation, 
(b) the substation, (c) the distribution feeders, and 
(d) the mains. The feeders in Fig. 1 are shown ter- 
minating at feeder points, and mainsareshown radiating 
from one feeder point. 

The substation is located as nearly as possible to the 
load center of the area served, and each feeder termi- 
nates at the approximate load center of its own area, 
the mains radiating from these load centers. 

Fig. 2 shows diagrammatically a primary network. 
The transformers are distributed over the area to be 
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served, each transformer being located at an intersection 
of primary mains with the transformer intersection 
constituting a unit. If regulators are required they will 
be installed between the transformer breaker and the 
breakers controlling the mains. 

The area to be served is supplied from a number of 
these small and simple transformer and switching units 
rather than from a large substation. The transmission 
supply should preferably be by three or more feeders to 
reduce the spare capacity required when one transmis- 
sion feeder is out of service. This is similar to the 
principle of design used in low-voltage networks. 

There are, therefore, three elements in the primary 
network scheme, (a) the transmission feeders from the 
source of supply, (b) the transformers and switches, 
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and (c) the primary mains. Compared with the radial 
scheme the elements are the same except that the 
primary feeders have been eliminated. This feature, 
however, is only one of the items which permit a saving 
in initial cost over the radial system. 


Cost ESTIMATES OF THE SQUIRREL HILL AREA 

The initial study of a primary network was made for a 
section of Pittsburgh known as Squirrel Hill. This 
section embraces residences principally. There are a 
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small number of apartment houses, a small business 
district, but no manufacturing load. The area com- 
prises about 2.0 sq. mi. with a winter peak of 4,200 kva., 
the load density being 2,100 kva. per sq. mi. The area 
is shown in Fig. 3. This area is at present fed by cir- 
cuits from two adjacent distribution areas, Schenley 
Substation and East End Substation, and was chosen 
for the initial economic study; first, because the area had 
relatively definite boundaries, with no existing substa- 
tion within its limits, and second, the growth of load 
indicated extension of existing radial system or adoption 
of a new system. 

Three transmission feeders are available within the 
area. (See Fig. 4). 

The estimates for the scheme of extension of a radial 
system are based on the standard practise for the 
Pittsburgh district. The substation location was chosen 
after an economic study of a number of available sites 
permitted by zoning ordinances and is reasonably near 
the load center of the area. 

The substation proposed is a semi-outdoor type 22/4 
kv. full automatic similar to those used on the Duquesne 
Light Company system. 

The initial installation would consist of two 4,000- 
kva. transformer banks, a 22-kv. tie breaker, three 
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300-ampere 4-kv. regulated feeders and other neces- 
sary equipment. The building would provide space 
for an ultimate of two 6,000-kva. transformer banks 
and five 300-ampere regulated feeders. 

The primary feeders would be run as shown in Fig. 3 
in existing duct lines to their feeding points with 
sectionalizing switches as indicated. 

The primary network includes the same area as 
covered by the radial system and is shown in Fig. 5. 

The transformer and switching units of submersible 
type are to be in underground vaults located in the 
street. 

Transformers are 1,500-kva. 22/4-kv. subway type 
with four 214 per cent taps below and two 21% per cent 
taps above on the high-voltage side, and a three-position 
oil immersed disconnecting and grounding switch on 
the 22-kv. side. The transformer oil circuit breaker is 
integral with the transformer. Lead-covered cable is 
used for all 4-kv. work in the vault. 

The oil circuit breakers are 7,500 volt 600 amperes 
having a rupturing capacity of 14,000 amperes 20CO 
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Radial primary distribution system which ordinarily would be used to 
supply area 


at 4,000 volts. They will be arranged to reclose once 
on a fault, the breakers at each end closing at different 
times so that the equivalent of two reclosings is ob- 
tained. -The breaker with its control mechanism and 
relays will be mounted in a submersible type box 
equipped with wiping sleeves for lead cable. 

Duct connections are provided between existing 
manholes and the transformer vault. Cable is run in 
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_ Table I shows comparative costs of radial and 
“ee network schemes. The operating capacity of 
each scheme is 7,500 kva. If the cost units per kva. 


_. of capacity available for the radial scheme with substa- 
tion are represented as 100 per cent, a corresponding 
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: THE PRIMARY NETWORK 


The load density is 425 kva. per sq. mi. 
residential and light commercial load is supplied at 


dS of ‘the primary network i is 56 per cent, or as ex- 
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Cost ESTIMATES OF THE VERONA-OAKMONT AREA 


The Verona-Oakmont district shown in Fig. 6 is 
located about ten miles northeast of Pittsburgh. The 
area covered is 4.7 sq. mi. with a load of 2,000-kva. 
The area is 


present at 2,300 volts. The load in this area has only 
recently grown to an amount to justify a changeover to 
4,000 volts. The present substation is to be abandoned 


‘for distribution purposes and the area converted to 


4 kv. 
For a radial system a new substation was proposed 
having two 3,000-kva. transformer banks. The station 
would be rated at 3,750 kva.2, Two 4,000-volt regu- 
lated feeders are planned. Fig. 7 shows the proposed 
feeder runs. 

In the primary network three 1,500-kva. transformer 
points are planned, located as shown in Fig. 8. With 


TABLE I—SQUIRREL HILL COST COMPARISON 
. INITIAL STEP 
Load Density 2,100 kva. per sq. mi. 


Radial Network 
DOE 0 Ieee A, OM a yin cine RR a, PON Ba 4,200. kva . 4,200 kva. 
; Transf. capacity installed... 1.4.42. eee, 2 8,000 kva .... 9,000 kva. 
Transf. capacity with spare eae out of . ; 
BEPVICE.,..c.. co See Meee SEEN nnyabtre ees 5,000 kva .... 7,500 kva. 


Costs in per cent 


SUS GabLOMe sc ai ace ee ete a se eee he eto sayrenattiwie tins PA lig ene 26.7 
Hlectrical eduipmentiz. 2.0.08. sos Dajord a es oicia ce Gia yarns 56 
Eramsimissiony }...\eesns < a te oa Oe OR nan HOPS toine Qi averepere LS, 
Distrip ation} Feeders oo Aan dst nen US) Alice: dares 3.4 
IOWA s hes. ao SAW GL aps Pco ah ccs bun gee oL Cot Geena eae, 10.8 
‘Changes in4-kv feeders: Qemialns. cj; ee dude © ssush noe nen 11 
Notalanitial step ay eee et ee os DIOP peerage 100 

SECOND STEP 
OR errant ce eM ae RS eee TAR lise On eee 7,500 kva ... 7,500 kva. 
Transformer capacity installed..............: .12,000 kva ... 9,000 kva. 
Transformer capacity with spare capacity out of 

7,500 kva... 7,500 kva. 


BEPVICOSY. Pete. ce ened A A .tPe EAA ee ene 


Costs in per cent 


Total second Bs ieee Been Bahan iy calle 178 


- Note: Radial system (initial step) will have two 4,000 kva., three-phaes. 
transformers. With one out of service, the other will carry 25 per cent 
overload through peak or 5,000 kva., which is satisfactory for initial step 
and allowing for growth. 

Network will have six 1,500-kva., three-phase banks 
transmission line ‘goes out, two 1,500. kya., banks 
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installation (equipment above ground on concrete pads). 
Calling method (c) 100 per cent, we find that the radial 
scheme is 35 per cent more costly, with the building 
type installation, and the underground vault at 7 and 
18 per cent more costly respectively than the outdoor 
transformer installation. In areas of this type vaults 
will not ordinarily be necessary. 

It was decided that one of each of the above types of 
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Diagram of mains for primary network showing transformer points 


5—SQuIRREL Hint AREA 


installation be used in this initial primary network to 
form the three transformer points proposed for this area. 


GENERAL DESCRIPTION OF TRANSFORMER AND 
SWITCHING UNIT 


The transformer switching unit consists of (a) the 
transformer and (b) the oil circuit breakers and acces- 
sories. If system regulation is such as to make it 
necessary, a third element (c) the regulators, may be 
added. 

These elements may be placed: 

(a) In underground vault 
(b) In small buildings 
(ec) On concrete pads surrounded by a fence. 

Underground vaults may be used in congested areas 
where space above ground is expensive or cannot be 
obtained, or where zoning ordinances prohibit. 

Small buildings may be used in the less congested 
and medium grade residential areas. 

In lower grade areas the equipment may be placed 
on concrete pads and surrounded by a fence. 

In the underground vault, it is essential that the 
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equipment be subway type. Subway type transform- 
ers are now available, and regulators can readily be 
converted to subway type. Since there are no oil 
circuit breakers of the type desired that are submersible, 
it is proposed to mount standard breakers in welded 
steel submersible cubicles. Equipment used in build- - 
ings or on concrete pads may be standard for that type 
of service. 

A proposed general arrangement of the equipment 


' for a street vault is shown in Fig. 9. Regulators are 


shown, but will be installed only where necessary, 
thus reducing space required and the cost of the 
installation. 

In one compartment will be installed the trans- 
former and integral oil circuit breaker. A 22-kv. 
cable is brought in from ducts in the street to the pot- 
head on the transformer. From the oil circuit breaker 
connected directly to the 4-kv. transformer leads, 
single-conductor 4-kv. lead cable connects to the regu- 
lators. From these regulators 4-kv. cables are carried 
to oil circuit breakers in the other compartment, and 
from these breakers the cable is carried to potheads 
on poles where connections are made to street mains. 


— High Tension Feeders 
© High Tension Customers or 
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Transmission feeders available 


It will be noted that the principle of barrier construc- 
tion is used here whereby the transformer and switching 
equipment are separated. This principle was described 
in a paper by the authors as applied to the low-voltage 
network.’ 


3. Low-Voltage A-C. Networks, by Stanley and Sinclair, 
A.I. E. E. Trans., January 1930, p. 265. 
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A removable hatch is provided over each compart- 
ment for installation and removal of equipment. 
Manhole covers are placed in each hatch for normal 
access. 

A small power transformer bank (three 114% kva.) 
is located in the transformer compartment for circuit 
breaker operation and for relay potential. 


Pia Aon Jan a | 
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7—VERONA—OAKMONT AREA 


Radial primary distribution system which ordinarily would be used to 
supply area 


Such a vault (1,500 kva.) capacity requires a floor 


space approximately 12 ft. by 30 ft., and a depth of 


BE gee 
RELAY PROTECTION 


When the primary network was first considered no 
scheme for protection had been studied, and it was felt 
that it would require a complicated combination of 
relays or the possible development of a new relay. 
However, when the matter was investigated it was 
found that a very simple protection scheme could be 
used and lend itself to ready expansion without the 
necessity of changing relay settings. 

Transformer Protection. A network relay similar 
to the one used on the low-voltage a-c. network will 
be used to protect the transformer bank breakers. 
This relay would open the breaker on any type of 
high-tension fault, and also if the supply line is de- 
energized the magnetizing current for the bank in 
combination with the charging current of the line will 
be sufficient to open the breaker. It is also possible 
with this relay to have the breaker close when the 
high-tension line is reenergized. Therefore, the type 
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of protection used on this breaker will be identical to 
that of the low-voltage network protector. In addi- 
tion to this protection, consideration is being given to 
tripping this breaker by means of a contact-making 


TABLE II—VERONA-OAKMONT COST COMPARISON 
Load Density 425 kv-a. per sq. mi. 


Radial Network 
U.G. Vault Bldg. type Outdoor 
EXO RKC La, Speen 4 Oe ae 2,000 ky-a. 2,000ky-a. 2,000kv-a. 2,000 kv-a. 
Proposed inst.capacity 6,000 kv-a. 4,500kv-a. 4,500ky-a. 4,500 ky-a. 
Operating capacity*... 3,750 kv-a. 3,750kv-a. 3,750kv-a. 3,750 kv-a. 
Costs in per cent 
Rreal estate ic cictesc<.0ac,ente D7 O) atisvenkatinn, Sitereke cots Di Brerateus she 2.8 
Substation bldg. or vault... 4.2..... Qe Diniieccvers LSFO's Sede 5.8 
HqQuipment. cee aan Q54O jee MUO Saver w tals GOs evs 66.3 
SN raMSMISSION. 4 katate dee PIES Cac Bidders euaheye Se Ache at x 311654 4.4 
ISG WtOM yee. seein iG ores LS Ie-Girka sis ao US stare oaticke AID 
Duct connections......... LA DiS eiere Side etate tos OSD Ns fei testers 025, 
MO talc eebsreroclen ce LBS ae aeariee EUR renga k OAS ato cca rane 100. 


*Based on 125 per cent load on transformers for five hours in case of 
feeder or transformer failure. : 
Note: Cost of regulators included in above estimates. 


thermometer placed on the transformer. In case of 
excessive overload which would be likely to damage the 
transformer, the thermometer when it reaches a pre- 
determined value would energize the trip circuit, thus 
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Diagram of mains for primary network showing transformer points 


disconnecting the transformer from its load. This 
might be advisable in the event that two high-tension 
feeders should be out of service: during a peak-load 
period, but would permit the one remaining bank to 
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carry the load for as long a period as possible without 
damaging the transformer. In the majority of cases 
relief could probably be given this one unit before the 
temperature would reach the tripping value. Under 
this scheme no other overload protection would be 
used for the transformer breaker. 

Bus Protection. Bus differential will be used at 
each transformer installation to protect the bus within 
the intersection so that any type of fault will open all 
the breakers and lock them open. The overload relay 
for this protection will be installed in the transformer 
breaker cubicle. 

Tie Main Protection. A detailed study has been 
made to determine the type of protection best suited to 
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sec. and on the other end in 1.1 sec. This scheme has 
one disadvantage that breakers other than those con- 
nected to the faulty main open, although there is no 
interruption to service on other mains since none of the 
breakers set at 1.1 sec. have sufficient current after the 
0.6 sec. breakers open to operate except the one directly 
connected to the fault. 


2. Overload with Inverse Time Characteristic. This 


scheme employs a relay with a greater inverse time 
characteristic than is normally used. With a 400/5 
current transformer and the 4-ampere relay setting, the 
relay will operate at 480 amperes in 9 seconds and will 
operate on a current: as low as 320 amperes although the 
time would not be accurate. 


In this scheme only the 
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Note the barrier wall construction. The same general arrangement will be used in building jobs 


protect all tie mains. All breakers are arranged for 
automatic reclosing with the breakers on each end of a 
main set to close at different intervals, so that the 
main is reenergized two times. If a breaker on the 
faulty main closes and again opens, it is locked out 
and no further operations are possible. 

Two schemes have been worked out which will give 
adequate protection, namely: (1) overload with defi- 
nite time setting and (2) overload with inverse time 
characteristic. 

1. Overload with Definite Time Setting. In this 
scheme the relays are set to operate at 150 to 200 per 
cent of the transformers full load current, namely 300 
to 400 amperes. The time settings are staggered so 
that a breaker on one end of a main will open in 0.6 


two breakers connected to the faulty line operate. 
However, if corner transformers are installed in which 
tie mains are run in only two directions, proper selection 
cannot be made when this particular transformer is out 
of service. In general, it may not be advisable to use 
this design but rather run a third main to some adjacent 
intersection. This scheme appeared to have certain 
advantages over scheme (1) and was adopted. 


APFLICATION 


Short-circuit studies were made of the network layout 
for three-phase and phase-to-ground faults at all loca- 
tions along the tie mains, with all transmission feeders 
in service and with each one out to determine the defi- 
nite requirements of a relay. 
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Fig. 10 shows a typical example of the fault currents 
with a fault on one of the mains adjacent to the College 
Avenue and 6th St. intersection. In this case oil cir- 
cuit breakers Nos. 1 and 5 must open to clear the fault. 
No. 5 has 3,960 amperes which from the curve will open 
in 0.5 sec. No. 1 has only 500 amperes and it would 
take 7.3 sec. for it to open while Nos. 6 and 8 are 


TIME -CURRENT CURVE 
INVERSE TIME OVER-CURRENT RELAY 
SPECIAL DESIGN 


6 Ampere Tap with 250/5 Amp. C.T. 


Time Lever Set on 3 


Curve of Standard Relay 
Shown for Comparison 
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RELAY OPERATION 

Oil Circuit Breakers No’s. 1&5 Must Open to Clear Fault. 

0.C.B. No.5 Opens in 0.5 Second which is 1 Second Quicker 
Than any Other 0.C.B. Could Open. 

After 0.C.B. No.5 Opens, the New Distribution of Fault Current 
Shown in Brackets will Exist and 0.0.8, No. 1 will Open in 
2.7 Second with no Other 0.C.B. Carrying Enough Current to Operate 


Fic. 10—Typican ANatysis oF Retay OPERATION ON TIE 


Main Favur 


carrying 1,100 amperes and would open in 1.5 sec. 
However, after No. 5 opens in 0.5 sec. which is 1.0 sec. 
sooner than Nos. 6 and 8 can open, a redistribution of 
current exists as is shown by the blocked figures. No.1 
is the only one now carrying enough current (780 
amperes) to open and it will open in 2.7 sec. thus clearing 
the fault. Therefore, the fault is cleared without inter- 
ruption to tie mains other than the one in fault, and the 
fault is cleared entirely in 3.2 sec. Faults at other loca- 
tions show the same general conditions and in all cases 
only service on the faulty tie main is interrupted. 

Similar studies have been made on layouts using 
various numbers of transformers, and with various 
length mains, and in all cases the results are comparable 
to the Verona-Oakmont study, so it is believed that no 
trouble should be experienced in relaying the primary 
network particularly if two-way feed transformer 
installations can be eliminated. 


TRANSFORMER DETAILS 


The transformer will be 1,500-kva. three-phase sub- 
way type 22,000/4,000-volt Y with four 21% per cent 
taps below and two 21% per cent taps above 22,000 
volts, and to have an inherent impedance of ten per 
cent. The 22,000-volt cable supplying the transformer 
will terminate in an oil tight pothead with a three-posi- 
tion switch so that the cable may be either disconnected 
from the transformer, connected or grounded, and is 
protected by an interlocking mechanism so if the trans- 
former is energized from either side it will not be possible 
to operate the switch. This pothead or oil tight 
chamber is mounted on the transformer as an integral 
part of the case. On the 4,000-volt side the leads will 
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be brought out through oil tight bushings so constructed 
that an oil circuit breaker cubicle can be bolted to the 
transformer case making a water-tight connection. 


OIL CIRCUIT BREAKER DETAILS 


The oil circuit breakers are 600 amperes 7,500 volt 
and will rupture 14,000 amperes with the standard duty 
cycle. They are mounted on a small truck and placed 
in a small subway type cubicle in which all relay- 
ing equipment, current transformers, motor-operated 
mechanism, etc., are mounted. Space is not allowed for 
inspection of the breakers while in the cubicle but they 
are easily disconnected and rolled out. Each unit is 
self-contained, and at the time of installation it is only 
necessary to connect the cables to the wiping sleeves. 
A number of arrangements for the cubicle design has 
been worked out. Figs. 11 and 12 show the simplest 
design which requires cable connections on both sides, 
and this design will be used in the Verona-Oakmont 
installation. Fig. 13 shows the outline of this cubicle. 
Another design considered is shown in Fig. 14 using bus 


Fies. 11 anp 12—Oin Crrcurr BREAKER CUBICLE 


Submersible type showing door removed, truck pulled out, relay panel 
swung open and barriers removed. 
Only one current transformer is shown in place 


connections between cubicles. A vertical truck type 
connection is shown in Fig. 15 in which the leads are 
disconnected when the oil switch is lowered. 


REGULATION 


_ The percentage regulation for the network is very low 
so that in general it does not appear necessary to use 
regulators unless there is considerable variation in the 
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supply voltage of the transmission lines. To prevent 
the problems which arise with normal parallel regulator 
operation, it will be necessary to control each intersec- 
tion by a contact-making voltmeter set so that each 
intersection will maintain the same constant voltage. 


Fig. 


Outline of cubicle similar to Figs. 11 and 12 except arranged for different 
oil circuit breaker 


13—O1n Circuit BREAKER CUBICLE 


Regulation Details. The regulators will be the 
standard single-phase oil immersed type, 200 amperes 
2,300 volt, 5 per cent buck or boost and equipped with 
wiping sleeves. The motor, control, and transformer 
for the motor circuit will be mounted in a box on the 
side of the regulator, so that the unit is complete in 
itself, with all connections gasketed to make it subway 
type. 

CONCLUSIONS 


The primary network offers the following advantages 
over the usual radial system: 


14—O1n Circuit BREAKER CUBICLE 


Fig. 


Outline showing bus connections between cubicles 


1. Material Reduction in Investment. Table I. 
indicates that the radial system is 78 per cent more 
costly than the network. Or, expressing it in the 
reverse order, thenetworkcostsabout 56 per cent of the 
radial system now in use. Even under adverse condi- 
tions such as in areas of load densities as low as 425 
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kva. per sq. mi., the cost runs as much as 35 per cent 
higher for the radial system. 

2. Greater Copper Economy. Reduced copper sizes 
are possible on the mains because of the smaller currents 
and shorter distances of feed, the results of the network 
principle. 

3. Reduced Duty on Oil Circuit Breakers. Short- 
circuit studies of the two areas studied and of theoretical 
systems indicate that the oil circuit breakers can be 
materially smaller than for the corresponding radial 
system. . 

4. Better Regulation. The network principle results 
in better regulation than on the radial system. Any 
radial system inherently has considerable voltage varia- 
tion which regulators cannot compensate. It is be- 
lieved from a theoretical voltage analysis made that a 
very uniform voltage will be obtained on the network. 


Fie. 15—Oin Crrcurr BREAKER CUBICLE 


Outline showing vertical lift type trunk breaker 


5. Small and Standardized Transformer Units. 
Transformer units (transformers, switches, regulators, if 
used, and auxiliary equipment), can be manufactured in 
units, stocked if necessary, and installed when required. 

6. Capacity may be Installed in. Small Increments. 
The radial system requires a substation and distribution 
system to be built well in advance of the load growth. 
Long range estimates are necessary for load growth, in 
both direction and magnitude. In the primary net- 
work transformer units are installed where and when 
needed. Only as the load appears is the system 
expanded. Long range predictions are unnecessary. 

7. Investment for Load Growth in Small Increments. 
The investment is not made in large steps far in advance 
of the load growth. (See 6). 

8. Reduced System Losses. Calculations indicate 
that the total losses in the primary network are less 
than for the radial system. One item of saving for 
example, is the complete elimination of feeder losses 
as there are no feeders. 
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9. Area of Outage Reduced. With the designs con- 
sidered each section will have a capacity of 600-700 
kva. The radial circuit has a capacity of 2,100 kva. 
A failure in the case of the primary network therefore, 
involves less than one-third the load of the radial 
system. 

10. .No 22-kv. fe Goth The high-tension cables 
run directly to the network transformers and henice no 
breakers are peed 


Discussion 
E. R. Hendrickson: Although the area affected by a failure 
on the type of system described by Mr. Stanley is somewhat 
reduced, still the length of interruption to any individual or 


group of individual customers would not be materially different 


from that of the usual radial system with proper emergency 


_ switching centers. 


_ Because of the increasing dependence being placed upon con- 
tinuity of service by the average medium class residential cus- 
‘tomer who i is now using electrically operated oil burners, clocks, 
ete., it is becoming of very much more WAS to give him 
continuous service. 

In order to provide this type of service, ‘it appears that some 


form of low-voltage secondary network must eventually be 


used for at least the better class of residential and apartment — 
house loads. I would therefore like to ask whether or not, in 
general, it is considered that the primary network as described 
would represent the correct solution for service to a territory 
of low or medium load density, where because of the importance 
of continuity of service or future growth in load, a secondary 


_ network would be required in the future, and if so, how would 


the secondary network be superimposed on the Bea network 
system? ; 
In many cases in high-class medarecall territory it is not 


possible to install overhead transmission feeders to the various 
transformer stations. 
would indicate that the primary network is the most economical | 


Have any studies been made which 


solution if underground transmission feeders are to be installed 
to each transformer station instead of only extending, them to 
a ‘central substation? ; 

H. Richter: The primary network system that is described 


in the 1927 Electrical World article mentioned in this paper has 


been publicly recommended to the industry on several occasions. 
That system utilizes substations each of about 5, 000 kva. capac- 


ity. Westinghouse engineers worked on such a scheme for 
two mi western cities in 1924 and 1925, and again in 1927 and 


‘or two cities in the east. The 1924, 1925, and 1927 proj- 


re broached oe tae ik ia service in medium 
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result, and a fault on a 4-kv. tie line shuts down service to a 
much smaller number of consumers. The Pittsburgh type 
primary network is thus practical, and the comparisons in the 
paper show distinct savings over the radial system for two 
specific installations. 

With regard to the method of relaying, it will be observed 
from Fig. 10 that the characteristic curve of the standard inverse 
time over-current relay becomes quite flat beyond 1,000 amperes 
and that the selectivity therefore is impaired beyond that point. 
It was only when the improved characteristic shown in Fig. 10 
was suggested for the Pittsburgh primary network that satis- 


factory relaying appeared likely. Even this curve flattens 


beyond 1,500 amperes, and the useful part, which is the inverse 
portion, is still fairly restricted. Calculations on an average 
system of this type indicate that short-circuit currents falling 
outside of the useful portion of this curve may be encountered. 
This is especially true when the system is enlarged or the unit 
transformer capacity increased. To furnish the better selectivity 
at these higher currents the relay should have the i inverse time 
characteristic over a greater range. 

This more ideal relay characteristic, however, will give no 
better performance at corner transformers where tie mains 
branch in only two directions than the relay of Fig. 10. The 
method using over-current relays with definite time setting was 
devised to avoid the need of bringing in a, third tie at such corners 
and of depending on the i inverse time characteristic for proper 
selectivity throughout the system. 

The two 1,500-kva. three-phase transformers manufactured 
in Sharon for the Verona application are the largest subway type 
transformers thus far produced. The regulators are likewise 
of special interest in that they constitute the first subway 
type in this country as far as is known. Stable operation of 
the regulators at different transformer installations can be ~ 
assured by the simple method of using a bucking characteristic 
with increase of load. - : 

Prior to the work on the Pittsburgh type primary network the 
only form of oil circuit breaker of relatively high rupture capacity 
in use in manholes was a strictly subway type breaker. Several 
years ago, in conjunction with proposed underground loop 
feeders to supply low-voltage networks in four cities, standard 
indoor type B-16 and B-20 oil circuit breakers in submersible 
welded steel cubicles were offered. This appeared to be the - 
best way to combine accessibility, safety against water penetra- ~ 
tion, and interchangeability of parts, with reasonable cost. ‘The > 
B-13 breakers with type CFO motor-operated mechanism, in 
subway type cubicles as shown in Fig. 12, comprise the first 


_ application of this idea. 


If no regulators. are required all of the oil cireuit cua 
associated with a transformer might be mounted on the trans- 
former tank. This would make a complete factory-built set, 
conserve space and cable connections, and permit the handling 
and installation of the apparatus as a single unit.. This con- 
struction would be ee aati Peat ue eae or Jando 
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directly. This system avoids entirely the use of the inter- 
mediate transformation and thus usually effects a very con- 
siderable saving in investment and energy losses over any 
system using an intermediate voltage for the distribution pri- 
mary. Indeed, it has been shown repeatedly that the elimi- 
nation of the intermediate transformation usually provides 
considerably greater possibilities of economy than any of the 
other plans for reducing investment in distribution systems which 
have recently been studied. 

To date, systems of this type serving overhead districts have 
had radial primary and secondary circuits. Reasonable reli- 
ability of service can be provided by other means than the 
duplication of supply units. One method is the use of higher 
grades of construction in order to reduce the number of system 
faults. The use of the higher primary distribution voltages 
usually carries with it, for other reasons, the use of higher safety 
factors and better quality of construction. Therefore, radial 
systems of the type mentioned, while possibly not having quite 
the high grade of service reliability of the 4-kv. network, are 
in successful operation and are giving entirely satisfactory service 
under average conditions encountered in certain urban, subur- 
ban, and rural districts where overhead service is normally 
required. 

Under conditions where greater service reliability may be 
required, it appears that the network principle could be applied 
to the higher voltage primaries in much the same manner as 
described in this paper, except for the absence of the inter- 
mediate transformation. However, the cost and complexity of 
sectionalizing devices would be greater in the case of the higher 
voltages, and a much simpler solution presents itself. This is 
the probability of the development in the near future of an over- 
head type of low-voltage a-c. network. Thus the installation 
of radial systems utilizing the higher voltage primaries is a 
natural step toward the development of the most economical type 
of system giving highest quality of service, viz., the low-voltage 
a-c. network with radial primaries utilizing generating station 
or transmission terminal substation voltage. 

There are certain difficulties encountered in connection with 
the installation of overhead, open-wire primaries utilizing the 
higher voltages, such as governmental objections to overhead 
high-voltage lines in the streets, clearance required from shady 
trees, ete., but these difficulties are being in many eases entirely 
overcome, and since such systems are in line with the present 
positive drift to higher primary voltages, I confidently expect 
that they will find a large use in the future. I also am confident 
that such systems offer appreciably greater possibilities for 
economy than those involved in the system described by Messrs. 
Stanley and Sinclair. 

A. H. Sweetnam: [n1930, The Edison Electric Iuminating 
Company of Boston was faced with the problem of relieving its 
a-c. substation in Allston of approximately 3,400 kva. of load 
before the fall of 1931, as the capacity of this station with the 
largest transformer bank out of service, was only 13,600 kva., 
and it was estimated that the 1931 peak load would be about 
17,000 kva. 

A preliminary study indicated that by building a new sub- 
station in Brookline, it would be possible to pick up about 4,500 
kva. of load in an area of approximately 4.4 sq. mi. (load density 
1,020 kva. per sq. mi.) by installing short 4,000-volt radial feeders 
out to the load centers of several of the existing circuits in that 
immediate vicinity. 

It was proposed, therefore, to install initially two 7,500-kva. 
transformer banks in the new station and supply them by taps 
from two existing transmission lines in the vicinity. 


A location for the new substation was chosen, and a careful 
study was made for the purpose of obtaining the cost of this 
station and of the necessary conduit and cable work in the street 
to bring the transmission lines into the station and to take the 
new 4,000-volt feeders out to their respective load centers. 
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About the time that the preliminary plans for the new sub- 
station was completed, attention was directed to the possibility 
of serving this same area by means of a 4,000-volt a-c. network, 
and, accordingly, with the assistance of Mr. D, K. Blake of the 
General Electric Company, a preliminary study of the existing 
conditions was made which indicated such an appreciable 
saving in initial and ultimate investment, by the installation of 
an a-c. network in this territory, not to mention the other inher- 
ent advantages offered by this system of distribution, that it 
was decided to obtain a detailed estimate of cost for such an 
installation. 

Very careful estimates were made of the relative costs of 
supplying the area in Brookline by means of the 4,000-volt 
network and by a new substation. This economic study was 
extended to cover the ultimate load requirements of the terri- 
tory to be served, and it was very clearly indicated that the 
capital investment showed a reduction of at least 20 per cent 
through the installation of the network system. Corresponding 
figures for the initial installation showed even greater savings. 


The reduction in the ultimate investment did not include 
savings in favor of the network obtained through being able to 
add relatively small increments of capacity, thus closely follow- 
ing the requirements of the load, as against large increment 
additions inherent in the development of a substation. 


In general, the principle of the 4,000-volt a-c. network is to 
distribute the transformer capacity in relatively small units over 
the area to be supplied, rather than to concentrate it in one 
central location, as in the ease of a substation. 

With this general idea of the network as a guide, the particular 
problem consisted of creating this new system of distribution 
from the existing 4,000-volt radial circuits. 

The problem resolved itself into three major parts: 

1. The location and equipment of the vaults. 

2. The transmission line extensions to the vaults. 

3. The cutting over of the existing radial circuits to form a 
4-wire network between vaults. 

After careful consideration of this immediate problem and 
of the larger problem of the more general application of this 
network system, it was decided to proceed with the network 
installation and to standardize on the 1,500-kva. unit and its 
equipment installed in underground vaults approximately 30 ft. 
long, 10 ft. wide, and 10 ft. deep. Each vault will contain one 
1,500-kva., three-phase, self-cooled transformer rated 13,800 
volts primary and 4,330 volts secondary, with one full capacity 
tap for 5 per cent above normal brought out to a ratio adjuster. 
The transformer will also have the necessary equipment for load 
ratio control, designed to automatically change the ratio in 
eight equal steps over a 10 per cent range, two steps being above 
the tap in use and six steps below. Provision will also be made 
so that blower equipment may be added to inerease the rating of 
these transformers to 2,000 kva. 

All apparatus will be entirely metal clad making it impervious 
to moisture and permitting actual flooding of the vault without 
damage. 

The primary and secondary windings of the transformer will 
both be Y-connected with the neutral of the 4-kv. winding 
solidly grounded, and the neutral of the 13.8-ky. winding 
arranged so that it may be operated either solidly grounded or 
isolated. ; 

The transformer and submersible metal-clad switching equip- 
ment will be designed for assembly and operation as a unit, 
thereby standardizing the vault construction and simplifying 
and hastening the installation of new equipment when needed. 

It was not necessary to do much rephasing on the network 
because the single-phase loads on the existing radial circuits 
were already balanced between the three phases. 

Lightning arresters are to be installed on all standpipe poles 
where the 4-wire mains change from overhead to underground, 
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and on all overhead taps of any considerable length which connect 
directly into an underground main. 

Voltage regulation will be ideal due to the fact that vaults 
will be located at load centers and will be relatively close together. 

All cireuit breakers being used in the network vaults are of 
ample rating (36,000 amperes at 4,000 volts) to handle any 
short-cireuit currents which may be developed by the network, 
up to an installation of capacity sufficient to supply load of a 
maximum density of 20,000 kva. per square mile. 

To those who are faced with the problem of keeping pace with 
the ever increasing short-circuit duties on substation circuit 
breakers, this feature of the network will have a particularly 
strong appeal. 

A study of the above factors shows quite definitely such a 
decided superiority of the network over the radial system of 
distribution with regard to economy, simplicity, continuity of 
service, voltage regulation, standardization of equipment, pro- 
vision for load growth, et cetera, and-as it is so readily adaptable 
to areas of any load density, that whenever it becomes necessary 
to make any extensive changes in the existing distribution sys- 
tem, or plan a new system, careful consideration should be given 
to the possibility of installing a 4,000-volt network. 

L. G. Smith: I desire to stress one point of economic con- 
sideration, of which I am sure the authors are aware, but which, in 
my opinion, is not sufficiently emphasized in the paper by virtue 
of the fact that the relative economics of a conventional radial 
system as compared with a primary network system may depend 
upon this one point. 

In making an economic comparison of a primary network 
with a conventional design of radial system undoubtedly the cost 
of transmission to the substations will be somewhat higher in 
the primary network system. Of course, this depends to a 
considerable extent upon local conditions including the capacity 
per transmission circuit and the general layout of the system. 
The substation costs, moreover, will probably be somewhat 
higher for the primary network system due to the fact that 
submersible equipment for manhole installations will be more 
expensive and since the transformer capacities are smaller, a 
higher cost per kva. of transformer capacity should result. 
Naturally, there is one feature of saving in the substations 
with the primary network systems, namely, the saving in feeder 
regulators. In the primary network system, the distribution 
’ costs from the substation to the feeder point are entirely elimi- 
nated because the substations are placed at the feeder points. 
Other items of cost, such as primary mains, distribution trans- 
formers, secondaries, and customers’ services, will be the same 
in either type of system. With the conventional radial type of 
system, assuming the cost of transmission, substation and distri- 
bution to the feeder points at 100 per cent, this cost will be divided 
approximately as follows: 


Transmission (underground system)... .33 per cent 
Substations es see eee ters we cite sete ee 40 per cent 
IDIStrIDU MUI LCCUGrS aan le nae ter 27 per cent 


The savings obtained by eliminating the distribution feeders may 
be sufficient to overbalance the increased cost of transmission 
and substations. From this it can be seen that the balance of 
economy may not be very great in either direction and as a 
matter of fact, local conditions may have a very material effect 
upon any economic studies. 


In addition to the above points the primary network system 
presents another distinct economic advantage over the conven- 
tional radial system, that is, in the cost of spare capacity. With 
a primary network due to the fact that substation units are 
added in very small capacity steps, it is possible to follow the 
load growth very closely and maintain a reasonably small per- 
centage of spare capacity. With a radial system this is not true. 
If, for example, a 20,000-kva. substation is shown by study to 
be of economical ultimate size, the initial step may consist of 
two 10,000-kva. transformer banks and four 13.2-kv. cables 
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giving a sustained capacity of 10,000 kva. In view of the fact 
that the initial load may be well under 10,000 kva. the spare 
capacity during the initial life of the substation may be well 
over 50 per cent. This materially increases the cost per kva. of 
transmission and substations during the early stages of the sub- 
station development. As a matter of fact the costs do not 
decrease to the ideal values until the ultimate development is 
reached, at which time a new substation has to be started. 
Therefore, the cost per kva. for substations and transmission 
capacity cannot be determined for the ideal basis in an economic 
study but an average cost must be used which covers the average 
cost of sustained peak capacity per kva. over the period of the 
growth of the substation from its initial construction to its 
ultimate development. 

In view of the fact that the cost per kva. of substation and 
transmission capacity may be 4 or 5 times the cost per kva. for 
the ultimate development, it can be seen that the characteristic 
of the primary network system of being able to closely follow 
the load with installed capacity may be the feature which 
determines its economic advantage. As I see it, one of the most 
important features in the design of a power system is the main- 
taining of adequate reliability to service by means of spare 
capacity at a minimum cost. 

R. T. Henry: Some of the claims made in this paper for the 
primary network scheme are very optimistic. There is danger 
in attempting to draw general conclusions from comparisons in 
specific cases which involve such unusual conditions as the two 
eases deseribed. It should be noted that both of these cases 
involve very small areas where transmission circuits already 
existed and that practically no expense is included for real 
estate for the network scheme. In such comparisons the 
investment already made in transmission circuits should be 
recognized as a part of the total investment if not of the im- 
mediate investment required. 

In considering the primary network for a larger area, it should 
be noted that the ideal scheme would provide a different trans- 
mission circuit for each network unit. Obviously, this cannot 
be realized in any ordinary case and it becomes necessary to con- 
nect two or more units to each transmission circuit. Two units 
connected to the same transmission cireuit must not be adjacent 
nor even alternate units if satisfactory diversity is to be obtained. 
They must be separated in every direction by at least two units 
connected to different transmission circuits. It can readily be 
seen that, when this idea is applied to a large area, it results in a 
perfect maze of transmission circuits and becomes very difficult 
and costly. 

In addition to the difficulty involved in the transmission cir- 
cuits, as described above, the problem of relaying an extensive 
primary network is rather difficult. The inverse time relays 
may operate satisfactorily on feeder faults if each unit has four © 
feeders connected and all transformers are in service. However, 
with a transformer out of service there is very real danger of 
undesired operations, particularly if less than four feeders are 
connected to the unit whose transformer is out of service. This 
is still further complicated by inequalities in the length of 
different feeders which cannot be avoided in practical cases. 

About two years ago the Buffalo General Electric Company 
was faced with the problem of designing and building a distri- 
bution system covering a territory of about 65 square miles. 
The load involved was in excess of 100,000 kw. In this case 
it was necessary to provide transmission circuits to serve the 
new distribution system. The primary network scheme was 
very carefully and thoroughly studied at that time in compari- 
son with several other schemes. These studies resulted in the 
adoption of a radial scheme, a description of which will probably 
be published in the near future. This scheme has practically 
all of the advantages of the primary network scheme without its 
disadvantages and careful comparative estimates indicated that 
it would cost at least 10 per cent less than the primary network 
scheme for the territory involved. — 
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Referring to the conclusions in the paper in the same order in 
which they are presented, we have the following discussion to 
offer: 

1. Material Reduction in Investment. It is very doubtful if 
network substation locations can be secured in every case, nor 
even in most cases, without any cost for real estate. Certainly 
this is too much to expect in cities. 

The figures presented indicated a considerable saving in the 
cost of electrical equipment in favor of the primary network 
scheme. This should not and need not be the case in a properly 
designed radial substation. In many eases, if not in most cases, 
the cost of transmission is a considerable portion of the total 
cost and should certainly be recognized in making such com- 
parisons. 

The studies made in Buffalo covering a larger territory and 
including transmission indicate that the total cost of the primary 
network scheme would be greater by at least 10 per cent than 
the cost of the radial scheme adopted. 

2. Greater Copper Econemy. For the conditions encountered 
in Buffalo, there would have been practically no reduction in 
the cost of distribution feeders in the network scheme over the 
cost for the radial scheme adopted. This is largely due to the 
irregularities encountered and to the fact that a large proportion 
of the investment in feeders is in the branches which are the 
same in either case. 

8. Reduced Duty on Oil Circuit Breakers. It is easily possible 
in a properly designed radial system to keep the duty on oil 
circuit breakers as low or even considerably lower than in the 
primary network scheme. In the radial scheme adopted in 
Buffalo the maximum short-circuit current at the 4-kv. bus is 
65,000 kva. This value will not be exceeded even with the 
ultimate development of the scheme. 

4. Better Regulation. While the voltage level in the network 
scheme may be more uniform than in a radial scheme with long 
feeders, it should be noted that in the primary network scheme, 
it is practically impossible to apply load compensation without 
involving: instability between regulators. Since the voltage 
drop in distribution transformers is as great or greater than the 
total voltage drop in the primary circuits, this is a very serious 
objection. In the radial system adopted in Buffalo the feeders 
are very short and load compensation is provided to overcome 
the voltage drop in the distribution trahsformers as well as 
in the primary circuits. 

5. Small and Standardized Transformer Units. A properly 
designed radial system permits of standardization at least as 
readily as the primary network scheme or any other scheme. 
The initial installation in the new distribution system in Buffalo 
consists of 24 standard substations, each containing three 

_ Standardized units making a total of 72 standardized units. 
This entire installation is covered by one set of drawings. 

6.. Capacity May be Installed in Small Increments. The radial 
system adopted in Buffalo provides for the addition of capacity 
in small increments ‘‘where and when needed.” Long range 
predictions of load growth are quite as unnecessary in this 
scheme as in the primary network scheme. 

7. Investment for Load Growth in Small Increments. 
as No. 6. 

8. Reduced System Losses. The claim of ‘‘complete elimi- 
nation of feeder losses as there are no feeders”’ is hardly justified 
as the feeders are not eliminated but simply called ‘‘tie lines.’’ 
Here, too, the principal losses are in the branches rather than 
in the main part of the feeder. Studies indicated that there was 
practically no difference in the losses in the radial system adopted 
in Buffalo from those in a primary network system for the same 
territory. 

9. Area of Outage Reduced. The area affected by an outage 
is no greater in the radial system adopted in Buffalo than in the 
primary network system described in the paper. 

10. No 22 Kv. Breakers. The high-tension cables 


Same 


are 
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connected direct to the substation transformers without high- 
tension breakers in the radial system adopted in Buffalo as well 
as in the network system described in the paper. 

H. L. Wallau: The relative cost submitted by the authors of 
this paper is the reverse of that obtained by me some six years 
ago when I had occasion to make a study along similar lines. 

The comparison made by me was between a 12,000-kva. 
radial substation and four 3,000-kva. substations with 4,600-volt 
lines networked. The equipment estimate was, of course, based 
on the types available at that date. The study, however, 
included the total transmission required from the generating 
plant to the stations to be served, land, buildings, substation, 
and distribution equipment for a load of 9,000 kva., 3,000 kva. 
of spare transformer capacity being available in each case. 
Transmission was at 11 kv. underground and regulation was 
by means of feeder, not bus regulators. Under these conditions 
the relative investments arrived at. were 100 per cent for the 
radial type vs. 106 to 118 per cent for the networked type. 

The figures obtained by the authors are considerably lower for 
the primary network. This is accounted for in part by the use 
of existing facilities, and in part by the use of bus regulation. 
The installation now being made seems entirely justified for the 
conditions existing. Whether or not it can be laid down as a 
general principle that this type of distribution for territories of 
the load densities under consideraton will always be justified 
is open to question. 

In Table II there appears a figure which seems doubtful. 
The relative investment in real estate is given as 17 per cent for 
a radial substation and as only 2.8 per cent for the networked 
stations of the surface type. This latter figure is but 16 per cent 
of the former and to be comparable must cover the cost of three 
distinct sites. Is it not possible that the real estate investment 
in but one such site was included through an oversight? 


Assuming the correctness of the figures as given could not the 
three independent surface installations of each type be concen- 
trated at one location? Using the same types of construction 
and equipment, exclusive of network interconnections, relative 
investments of the following order, on the basis of three inde- 
pendent primary feeds, would seem indicated: 


Bldg. type Outdoor type 

Real: estates i: i haiaits siststenaterro chaste renee Distal te dor ayeeeens 2.8 
Structures fraiche rae eee ee » 13 Osa rear 5.8 
HGQuip ment. ates ces Gros aut Dele a ee 66'.'3 ic Se eteerendee: 66.3 
WransmoissiOn a! = hci ests cs hte UR Ra B'S) silos anes: eunrairete 3.8 
Distributionsc7.. fer ema eee ee LAL a ara a tated sc 1.6 
Duct‘ Connections:.5 }0e2.4 gaa ce eee 1L4c3inth Beer 14.5 

TOZ Ocenia eas 94.8 


*Increased 50 per cent for a third primary feeder. 


If these assumptions are correct, they would indicate that a 
modification in the radial type substation design might yield 
economies in excess of those shown by the authors, for the 
primary network type, in the Verona-Oakmont district. 


The development of a-c. networks is progressing. Neverthe- 
less, many d-c. networks still exist involving large investments 
which it may not be advisable to retire. If the d-c. substation 
and its numerous low-voltage feeders could be eliminated, being 
replaced’ by high-voltage a-c. feeders and relatively inexpensive 
d-c. conversion sources of moderate capacities for installation at 
points corresponding to those at which network transformers 
are now installed, the picture would be quite different. 


With the continued development of the thyratron, it seems 
not unreasonable to visualize a three-wire d-c. network fed at 
street intersections from manholes or vaults through tubes. 
The supply transformers would be single-phase high voltage, 
e. g., 1l- to 33-kv., two pairs of tubes, one on each side of the 
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three-wire circuit, smoothing reactances, and an over-current, 
reverse-current d-c. circuit breaker, completing the main installa- 
tion. Grid current at suitable voltage would be obtained from 
an extra winding on the transformers. Individual installations 
would be balanced across the three phases of the primary supply 
cables and these in turn so interlaced that the loss of one or 
more primary cables (dependent upon the extent and capacity 
of the network) would in no way interrupt service to the con- 
sumers supplied therefrom. 

It is possible that this development may be realized in the 
comparatively near future. Three years ago Mr. A. W. Hill, 
of the General Electric Company, in a paper presented before 
the New York Section, stated that “‘cathodes with a normal 
emission of 10,000 amperes appear quite practical.” 

G. M. Miller: From the load densities found in the Verona- 
Oakmont District it seems questionable whether the network 
class of service is necessary. Should the primary network 
prove to be as practical and satisfactory as seems entirely possible 
it may be that the customers in the lower density areas will 
receive better service than those in the older heavily-loaded 
areas served by the radial feeder and large transformer substation 
scheme. 

The use of small transformers for stepping from the trans- 
mission to the distribution voltage is‘a decided advantage and 
permits the installation of additional transformer stations at 
locations where the load is increasing. Possible mistakes in 
location are avoided by this scheme whereas with large banks of 
transformers or large capacity substations it is difficult to select 
the right location due to the shifting of load centers. In some 
cases the trend of load growth changes and large investments 
cannot berecovered. Improved regulation and copper economies 
are possible with a primary network which have not been 
accomplished in any other way. 

Experience with relaying schemes and the general arrangement 
of the network will no doubt lead to improvements which will 
reduce cost of equipment. Improvement in design and methods 
of installation may further reduce the over-all costs so that the 
primary network will be much less expensive than the present 
radial scheme and the class of service will be superior to that 
given at present. 

C. T. Sinclair: Mr. Hendrickson raises the question as to 
whether or not the primary network is the correct solution for 
areas of low and medium load density where a high standard of 
service is required and where a low-voltage network will be 
needed in the future. In the present system, the radial distribu- 
tion system has been considered adequate to fit these areas. 
In most low and medium load density areas it possibly will be 
many years before a low-voltage network will be economically 
justifiable. It is our thought that in these areas a higher standard 
of service may be rendered by the primary network than by the 
usual radial system. The primary network is less costly than 
the present radial systems for the Pittsburgh area and our 
experience thus far indicates that it may be expected to render 
a higher grade of service. 

In converting the usual radial system to a network there is 
quite frequently a serious economical handicap in scrapping or 
at least removing equipment already in operation. With the 
primary network it does not appear that a conversion would be 
so difficult. The first step would obviously be to network the 
secondaries, using the present 4-kv. mains as primaries. The 
additional capacity beyond this point would be provided by 
feeders into the secondary grid supplied by the base supply 
voltage (22 ky. in the Pittsburgh case). 

In starting the low-voltage network a minimum of three 
feeders available for supply is very desirable in order to reduce 
the percentage of spare capacity in the system. By way of 
illustration, if only two feeders were used 100 per cent spare 
capacity must be provided in the system for the system must 
be designed on the assumption that the one feeder is out. With 


STANLEY AND SINCLAIR: 


_ eases in the electric light and power industry. 


THE PRIMARY NETWORK 883 
the two-feeder system either feeder with transformer banks 
must be capable of supplying the entire load. With the three- 
feeder system 50 per cent spare capacity is required on the same 
assumption, and with four feeders 25 per cent. Thus it is 
apparent that with more feeders available the percentage spare 
capacity is reduced. The primary network in the conversion 
scheme mentioned above has certain advantages in this respect 
in so far as each sectionalized primary main is essentially a 
feeder and a number of these mains will be available by the very 
nature of the network. This will especially be true when a given 
area has reached the load density at which a low-voltage net- 
work appears economically feasible. 


We are in complete accord with Mr. Bullard’s statement as to 
the desirability of using generating station or transmission 
terminal substation voltage where possible. We are confident 
that at this time it would be impractical to operate an 11-, 13-, 
or 22-kyv. system for our distribution areas. The necessity to 
work this voltage under congested conditions is extremely 
difficult. In some of the areas underground construction would 
‘make it impossible to operate such a distribution system. As 
Mr. Bullard has pointed out, there are certain governmental 
objections and in certain areas it is practically impossible to 
spread this higher voltage throughout the entire district. The 
extensive joint use system introduces another factor difficult 
of solution. 


For certain types of distribution areas, for example rural 
distribution, the higher voltages discussed by Mr. Bullard 
certainly offer material advantages. The primary network, 
however, is not offered as a solution to this problem. 

It is very mteresting to note that Mr. Sweetnam has likewise 
found material economies in the adoption of the primary net- 
work and his discussion needs no elaboration here. The im- 
portant conclusion to be drawn from his discussion is that the 
primary network is readily adaptable to areas differing in type 
from Pittsburgh. 

Mr. Smith refers to the reasonably small percentage of spare 
eapacity. This advantage is true in both the primary network 
and the low-voltage network. It is possible to add load in small 
increments when and where desired. We would be inclined to 
term this extra capacity needed ‘‘over capacity’’ rather than 
“spare capacity,’ as he terms it. Spare capacity is always 
provided to take care of emergency and abnormal conditions 
whereas this over capacity is required in the usual system by 
the very nature of the large units involved in the usual radial 
system. As Mr: Smith points out, the initial load on a 10,000 
kva. bank may be during the initial life of the substation well 
under 50 per cent (or, as he expresses it, the spare capacity may 
be well over 50 per cent). As he points out, the cost per kva. 
cannot be determined on an ideal basis in an economic study 
but average costs must be used considering the period of the 
growth of the substation. 

The difficulties of relaying and regulation, a Sioned by 
Mr. Henry, have not been met with thus far in the Pittsburgh 
network after five months of operation and several series of 
tests. The fact that this time is too short to make any definite 
statements is recognized but our studies combined with the 
little operating experience have led us to believe that these 
problems are no more difficult than those met with in other 
We feel sure that 
the scheme described by Mr. Henry is very satisfactory and 
will give a good account of itself. 

Mr. Wallau raises the question as to the investment figure of 
17 per cent given in our table and notes that it is high compared 
to the cost for the network stations. The 17 per cent represents 
the actual value of the property now in our possession which was 
to be utilized for the construction of the substation and is not 
an estimated figure but actual value. Radial substation loca- 
tions are chosen after an economic study which, speaking gen- 
erally, balances feeder costs against property costs. In other 
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words, it is possible to locate a station away from the load center 
and buy cheap property. This, however, means a longer average 
feeder length and each substation location may be chosen after 
this economic study is made, taking into consideration all factors 
involved. The substation location chosen in this report for a 
radial substation is the best location for the radial system con- 
sidered. The reason that the real estate item in the network 
analysis is low is because of the fact that this substation ean be 
located either underground entirely, where no property is 
purchased or on a small and inexpensive lot. 

We feel confident that in our particular case the three inde- 
pendent units could not be located at one spot as suggested by 
Mr. Wallau as this would result in costs largely as described for 
the radial type system. The use of the thyratron for supplying 
d-e. networks seems to have certain possibilities. It is also 
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interesting to note that the application of d-c. transmission to 
the primary network appears to have possibilities. ea Bis, how- 
ever, is looking rather far in to the future. 

It is interesting to note that Mr. Miller feels the importance 
of being able to add transformer capacity when and where the 
load is increasing. He points out that this largely eliminates 
the possibility of mistakes in choosing large substation locations. 

The authors of this paper do not contend that primary net- 
work should be applied to all overhead distribution systems. 
It is felt, however, that this system provides economies and 
operating possibilities for the areas described that are superior 
to other systems now in use. Our operating experience thus 
far has justified our analysis. Additional studies made indicate 
that the scheme ean very likely be applied to a large proportion 
of our load. 
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~The Philadelphia A-C. Network System 


Development and Operation of a Network System Having 
Fused Secondary Mains: and 2,300- Volt Loop Circuit Supply 


BY HS“ DAVIS: 


Associate, A. I. E. E. 


_ Synopsis.—The object of this paper is to outline the engineering 
plan of the low-voltage a-c. network system in Philadelphia, Pa. and 
to summarize operating experience over a five-year period. The 
development of this system and the operating experience will be of 
interest, since several basic features, which contribute toward the 


successful results, are different from the basic plan in other types of 


network systems. 
The system consists of sectionalized primary loop feeders, supply- 


ing a fused secondary network. : At present there are twenty-four 


and 
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feeders in operation, with a total normal operating capacity of 32,540 
kva.; the coincident feeder peak to date being 27,600 kva. 

The conclusions in the paper are essentially as follows: 

1. The system plan initially adopted has been followed without 


‘fundamental change, and has proven amply flexible to meet changed 


load conditions as the area develops. 

2. Operating experience has been very satisfactory, under all 
conditions, including those at time of faults on the network or else- 
where on the system. 


INTRODUCTION 


of | \EN years ago many of the central station companies 


were experiencing considerable difficulty in de- 
termining upon a distribution system which would 


best provide for load growth in areas of higher load 


densities. A number of individual companies in- 
augurated studies to determine the practicability of a 
secondary a-c. network system to supplement or sup- 


plant the d-c. network and radial a-c. distribution 


tions and standards, that a number of different types 
of network systems is in use. 
The system described herein was found by a study of 


_ all types of secondary network systems to be best suited 


to conditions in the downtown business district of 
Philadelphia from the standpoints of reliability, sim- 
plicity, flexibility, and economy. _ 
GENERAL DESCRIPTION 
The first network was established in the early part 
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of which 27,600 kva. was carried on the a-c. network 
system and 6,000 kw. on the d-c. system. The 
remaining load is generally in such large blocks and of 
such a character as to generally warrant service at a 
higher voltage and is usually supplied from dual radial 
nominally 2,300-volt or 138,200-volt feeders. 

The entire network and the greater part of the radial 
feeder load in this area, as well as some of the radial 
feeder load in areas adjacent thereto, is supplied from 
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the same substation are connected to different gen- 
erating station bus sections which are separated from 
each other by barrier walls, as illustrated in Fig. 2. 
The generating stations, Schuylkill and Delaware, are 
located approximately one and one-half miles from the 
network area. 

Voltage regulation on the network system is secured 
by means of induction type regulators on the low- 
voltage side of the substation transformer banks or on 
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two generating stations through four substations 
located as shown on Fig. 1. 


The present a-c. network system comprising an area 
of 1.26 sq. mi., consists of three separate networks, 
each having a load of approximately 9,000 kva. Each 
network area is supplied by eight 2,300-volt loop 
feeders from two substations. Each such pair of 
substations is fed from the same generating station, 
by a number of 18,200-volt feeders. The feeders to 


the individual loop feeders. The use of bus regulation 
is gradually being extended to all substations feeding 
the network system. 


No auto transformers are required on the secondary 
network because the system conforms to accepted 
voltage standards for both light and power service; 
therefore, all parts of the system can be paralleled 
without the use of translating devices. 

Statistics pertaining to the network load at the time 
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of the 1930 peak, number of loop feeders, length of 
feeders, number of transformers and oil circuit breakers 
are presented by areas in Table I. 

The secondary a-c. network system is a gridiron of 
secondary mains, two-phase, five-wire 115/230 volts,’ 
fed from transformer banks located at each main street 
intersection and which are supplied from a number of 
interlaced loop primary feeders. 

The secondary mains and transformer leads are pro- 
vided with copper-link fuses for automatically section- 
alizing parts of the system in case of trouble. 

The loop primary feeders consist of several unit 
sections which are connected by means of 15-kv. 
automatic oil circuit breakers operated by means of a 
balanced pilot wire control system. Practically all 
the cable comprising the loop feeders, together with 
the majority of the stepdown transformers have been 
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carrying the load of one of the network areas totaling 
approximately 6,000 kva. The 138.2-kv. feeders to 
substation A dropped out successively, so that the 
entire transmission supply was lost. The remaining 
substation B continued to feed all of its regular load, 
and all the network load without noticeable drop in 
voltage. In addition, the feed back through the 
network and the loop feeders energized the 2,300-volt 
bus in substation A which in turn picked up a part of 
the load on a limited number of important outgoing 
radial 2,300-volt feeders. 

Twenty-two primary cable and three transformer 
failures have occurred, and in every case the oil circuit 
breakers and fuses have isolated the faulty section 
without interruption to service to any other unit section 
or impairing service to any customer. 

The operation of secondary fuses in well-established 
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purchased and installed for possible ultimate 13.2-kv. 
operation. Oil circuit breakers are rated at 400 
amperes and 15 kv. 


OPERATING RESULTS 


Operating experience with this network system over 
a five-year period has been satisfactory. 

To date there have been two major cases of system 
disturbances which affected the a-c. network system; 
in one instance service to one entire network area was 
interrupted for a short time and in the other case the 
continuity of the network service was unaffected. 


Case 1. Due to trouble in one of the generating 
stations, power supply to the two substations feeding a 
5,000-kva. network load was lost. One of the two 
substations involved had ‘“‘tie fines’ to a third sub- 
station which was fed from another generating station. 
By closing the tie line oil circuit bréakers, this sub- 
station picked up the entire load of the network and 
carried it until conditions were restored to normal. 

Case 2. Two substations A and B were jointly 


3. Two-Phase, Five-Wire Distribution, by P. H. Chase, 
A. I. E. E. Trans., Vol. XLIV, p. 737: 


network areas has demonstrated that faults on secon- 
dary mains are quickly and selectively isolated, conse- 
quently with a minimum amount of damage. 

In two cases of trouble on the secondary trans- 
former leads the faults have burned clear within a few 
inches of point of origin. 

An inspection is made every three months by a group 
of five men in order to determine the condition of the 
pilot wire control system, oil circuit breakers, trans- 
formers, sectionalizing boxes, etc. It is expected that 
the rate of inspection may be reduced. The periodic 
field inspection consists of: 

1. Testing transformers, oil circuit breakers and 
sectionalizing fuse boxes for water tightness. Work 
involved in making the equipment water-tight consumes 
the major part of the inspection time. 

2. Testing the pilot wire system (conductors, chien 
transformer, and trip coils) for (a) grounds, (b) open 
and short circuits. 

3. Inspection of trip coil settings and operating 
mechanism for sensitivity. — 

4, Examination of sectionalizing boxes for—(a) 
blown fuses, (b) open secondary cable mains. 
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5. Minor repairs and adjustments. 

Open breakers on the loop circuits are checked in 
two ways. By recording the hourly ammeter readings 
on each loop feeder; and by alternately opening the 
loop feeder ends, twice each week, and checking the 
approximate total currents under these test conditions. 
The current readings on each loop end often indicate 
if a unit section is open and its approximate location. 


BASIS OF SYSTEM DESIGN 

Reliability, flexibility, simplicity, and economy were 
the four outstanding requisites upon which the system 
was designed and the basis upon which extensions 
have been made. 

The detail engineering plan was based upon the 
requirements: 

1. That the network system as a whole shall have 
sufficient spare capacity to assure against overloading 
any equipment during period of unit section or trans- 
former outage. 

2. That adequate network voltage shall be main- 
tained under all conditions, including short-time 
(approximately 30 minutes) loss of one of the two 
substations supplying a given area. With the loss of 
one substation feeding a network area, it is possible to 
carry the entire load on the remaining substation by 
taking advantage of short-time overload rating on all 
substation and network equipment. 


DEVELOPMENT OF DETAIL SYSTEM DESIGN 


With the method of protection employed and the 
interlacing of loop feeders, operating experience has 
shown that it is possible to load the network trans- 
formers to 80 per cent of the manufacturer’s name- 
plate rating with the assurance that there will be 
sufficient capacity available in the event of a failure 
occurring in a loop unit section at time of the network 
peak. 

Loop feeders are normally operated at 80 per cent 
of the rated equipment capacity. The loading on 
some of the individual loop feeders may exceed the 
80 per cent value for periods of relatively short dura- 
tion, 2. e., at the time of the network peak. Conditions 
of this nature are infrequent and are permissible in 
view of the available reserve capacity in all parts of 
the system. With the loss of a unit section of loop 
feeder, the feeder continues to function, though the 
load on the respective ends of the loop feeder may be 
unequal, depending upon the location of the unit 
section isolated by the operation of the pilot-wire pro- 
tection system. In the event of a failure in either the 
first or the last unit section, the remaining operating 
end carries approximately 75 per cent of the total 
load carried on the respective ends prior to the fault 
on the open end. The load dropped by the faulty 
loop, is absorbed by the adjacent interlaced loop feeders. 

Coincident with the studies undertaken to determine 
the possibilities of establishing an a-c. network system, 
it was recognized that an “a-c. calculating board”’ upon 
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which actual alternating-current conditions of opera- 
tion could be simulated, would prove of material assis- 
tance in securing the desired information with the 
maximum degree of accuracy, in the minimum space of 
time. Accordingly a board was designed and con- 
structed by the Philadelphia Electric Co.,* upon which 
various conditions of operation, kinds of faults, possible 
changes in the fundamental plan, etc., were studied. 
This proved to be a most valuable aid in the solution of 
problems involving the magnitude of currents flowing 
into faults of various kinds; the amount of circulating 
current caused by phase angle or voltage differences 
between substations, the effect of motor starting cur- 
rents, together with the permissible loading of loop 
feeders under given fault conditions. 

Having determined upon the operating apnditions 
that would be encountered, complete laboratory tests 
were conducted to determine the ability of the protec- 
tive scheme to function properly at time of a fault. 


PRIMARY FEEDERS 

The primary supply to the network system is in the 
form of three-conductor, 350,000 cir. mils, paper-insu- 
lated, lead-covered cables. Each loop feeder extends 
from a substation through a number of intersections 
throughout the network area and returns to the same 
substation. Each feeder is routed through widely 
separated parts of the network area and interlaced with 
other feeders. 


The primary feeders at present are operating at 
2,300 volts, three-wire, two-phase. 

Since the initial operation of the network system in 
1926, there have been 22 primary cable failures approxi- 
mating one failure per 34 unit sections per year, or 12 
failures per 100 miles of operating cable per year. 
The relatively high rate of cable failures has been largely 
due to external mechanical injury. 


BALANCED PILOT WIRE SYSTEM OF PROTECTION 


Each primary loop feeder is composed of a series of 
unit sections, each of the unit sections being provided 
with sectionalizing oil circuit breakers. The present 
average length of unit sections is approximately 1,300 ft. 
The arrangement of substation equipment, composition 
of unit sections and protective scheme is shown in 
schematic form in Fig. 8. The balanced pilot wire 
system is fully described in an article by Mr. P. H. 
Chase.‘ 

Each unit section is protected by a pilot wire control 
circuit connecting current transformers and trip coils 
in the circuit breakers at each end of the unit section. 
Current transformers in the secondary leads of the dis- 
tribution transformers are also connected into the con- 
trol circuit. The distribution transformers are thus 
included within the protected section of the feeder. 

Each unit section of feeder may be considered as 


4. ‘‘An Alternating-Current Network,’’ by P. H. Chase, 
Electrical World, Vol. 88, No. 13, Sept. 25, 1926. 
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in the three branches of the unit section. 


three branches around the point where the distribution 


transformer bank is connected to the feeder. Current 
transformers in each of these three branches are con- 
nected through the pilot wire to obtain a three-way 
current balance, corresponding to the current balance 
Trip coils 
in the oil circuit breakers are connected across the 
pilot wire system at each end of the unit section. 

Under normal operating conditions, the relative 


polarity of the current transformers is always such as 


to cause a circulating current to flow in the pilot wire 
circuits, with zero or negligible current in the trip 
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the trip coils is sufficiently high, relative to that of the 
pilot cable, to prevent current of operating value from 
flowing through them. 

It will be observed that only one transformer bank 
and associated primary cable is isolated in case of a 
fault on the primary loop feeder. The other trans- 


former banks remain in service, being supplied from the 


two parts of the loop feeder which have been separated 
by the isolation of the faulty unit section. Due to 
this feature the occurrence of a fault causes a minimum 
of disturbance to the remainder of the system. 

The pilot cable which parallels the primary loop 


coils. In the event of a fault anywhere in a unit sec- 


feeder is a four-conductor No. 4, rubber-insulated, and 
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f 
15,000 volts and 400 amperes, with an interrupting 
capacity of 30,000 amperes at 2,300 volts on standard 
2 OCO basis. Each oil circuit breaker contains six 
bushing type current transformers, and six 5-ampere 
trip coils. Connections are made to the oil circuit 
breakers with single-conductor cables which in turn 
are spliced to the three-conductor primary cables. 
Wiping bushings are provided for extension of current 
transformer and trip coil leads, in lead-covered cables, 
for connection to the balanced pilot wire protective 
system. 

On the first consignment of oil circuit breakers, 
difficulties were experienced with tripping out due to 
vibration. Since the proper corrections have been 
made to these breakers, no such operations have oc- 
curred. In other respects breakers have given satis- 
factory results and have required only minimum main- 
tenance except where one was replaced on account of 
entrance of water. 


NETWORK DISTRIBUTION TRANSFORMERS 


The distribution transformers used in the Philadel- 
phia network system are all 100-kva. single-phase 
subway type units of standard impedance. 

The majority of the transformers are constructed with 
the high-voltage winding in six sections, connected in 
parallel for present. operation at 2,300 volts and ar- 
ranged for series connection for operation at 18,200 
volts, if desired in the future. 

There have been three network transformer failures 
which were due to admission of water and breakdown 
of windings. 


TRANSFORMER MANHOLES 


All network transformers on the Philadelphia system 
are of the subway type and are installed in transformer 
manholes usually located in the highway under the 
sidewalk. The majority of the manholes are 15 ft. by 
9 ft. with 8 ft. head room, and are located near the 
street intersection. There are two removable slab 
openings, one of which has an open grating lid and two 
openings for the ventilating chimneys, which extend 
from the street surface to the bottom of the manhole 
at each end. 

Each transformer manhole usually contains from one 
to four 100-kva. transformers, one primary oil circuit 
breaker, two pilot cable junction boxes and four low- 
voltage sectionalizing boxes, illustrated in Fig. 4. 
Barrier walls are not used to isolate the primary oil 
circuit breakers from the transformer but all cables, 
except the control cables, are fireproofed. 


SECONDARY NETWORK 
The cables on the 115/230-volt, five-wire, two-phase 
secondary network are 350,000 cir. mils, 600 volt paper- 
’ insulated and lead-covered. Single-conductor cables 
from the single polarity five-way fused sectionalizing 
boxes which are installed at every main street inter- 
section may be spliced to single or multiple conductor 
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secondary mains. .Three-conductor cable mains of 
the former d-c. network were used in many instances 
for one phase, and two single-conductor cables installed 
to complete the two-phase main system. The present 
practise is to install single-conductor cable for the phase 
wires and a bare No. 2/0 neutral wire. Both lighting 
and power loads are supplied from the same set of 
secondary mains. 

Two-phase motors of various sizes up to 40-hp. are 
taken on any part of the secondary network system 
when well established, without requiring special starting 
current limiting devices. 


SECONDARY FUSE PROTECTION 


In the original investigation the magnitude of current 
which could be expected under fault conditions was 
determined from the calculating board. Tests were 
then conducted by means of a spare generator and trans- 
former bank to determine the current-time characteris- 


Fic. 


4—TypicaL ARRANGEMENT OF HQUIPMENT IN 
TRANSFORMER MANHOLE 


Left to right—transformer, oil circuit breaker, pilot cable junction boxes, 
secondary sectionalizing boxes - 


tics of various types and sizes of copper-link fuses 
for 115-volt duty. Oscillograph measurement of the 
current and time of blowing of the fuses mounted in 
different types of boxes, with fuse contact blocks of 
different sizes and under different temperature condi- 
tions indicated that the fuse sizes determined upon gave 
the necessary selectivity. 

These copper-link fuses are installed in five-way single 
polarity sectionalizing boxes, to which the four second- 
ary mains and the transformer leads are connected. 
The mains are protected with 1,250- and the transformer 
leads with 1,500-ampere rated capacity fuses. 

Operating experience with a fused a-c. secondary 
network system in well-established areas has indicated 
that fusing of mains and secondary transformer leads is 
desirable and that the fuse sizes used are satisfactory. 
In establishing the secondary network, old d-c. mains of 
various types and sizes were used. The different condi- 
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tions existing on the secondary system and in the supply 
to the network during the construction periods make it 
impossible to definitely analyze or summarize the types 
of secondary failures and the operation of fuses at times 
of faults. There have been no cases of fuses blowing 
when a fault has not existed on the particular section. 
When fuses have not blown the faults have cleared 
themselves without any damage other than destruction 
of the cable immediately adjacent to the point of 
failure. 


Discussion 


H. Richter: The paper states that there is a number of types 
of a-c. low-voltage network systems in use for underground dis- 
tribution in this country. There are really only two types, the 
Philadelphia system, which uses loop feeders and fuses for pro- 
tection on the network side of the transformers, and that which 
employs radial feeders and automatic network protectors for 
protection. There are four variations of the automatic protector 
scheme, but no differences fundamentally. Whether the secon- 
daries are two-phase or three-phase is incidental. 


In 1924, when the two types of systems were in their infancy, a 
few individuals predicted that both would be made to give satis- 
factory service, despite dire misgivings from many quarters. 
This paper, together with the extensive literature on the auto- 
matie protector system, proves that the predictions were correct. 


As of January 1930, the two systems served peak loads of 
28,000 kva. and 330,000 kva., respectively. In terms of operating 
companies that employ the two systems as the present standard, 
the ratio is 1 to about 55. Loads that are among the most im- 
portant and exacting in the world, as in the skyscrapers in New 
York City, depend entirely on the automatic protector system. 
This system is being installed where direct current with storage 
battery was the rule. 


The network system described in the paper seems to have 
a disadvantage as regards length of time for the transformer 
secondary fuses to clear primary faults. These fuses take at least 
twice as long to clear as would automatic protectors, and fre- 
quently much more than this. Primary cable and transformer 
faults predominate, and it is very desirable to isolate every fault 
as quickly as possible to prevent the trouble spreading by over- 
stressing the other parts of the system. The automatic protector, 
I believe, answers this requirement much better than the trans- 
former secondary fuses. 


One object of the sectionalized loop feeder scheme with one 
transformer bank per feeder section is to keep down the spare 
transformer capacity required to carry the network after a pri- 
mary fault is isolated. The paper states that this permits loading 
the transformers to 80 per cent of their rating at time of peak 
load. In the automatic network protector system, 16 parallel 
radial feeders would correspond, with respect to the approximate 
total length, to. the 8 loop feeders in each of the three network 
divisions in the Philadelphia network. Under the same assump- 
tion of a single primary fault, tripping out an entire radial feeder 
would require no more total spare transformer capacity than with 
the sectionalized loop scheme, and possibly less might be toler- 
ated. On the other hand, more copper is needed in the loops. 


The two-phase five-wire secondary network utilizes accepted 
voltage standards for power as well as light. But it is also true 
that. the fear of having to use considerable booster auto-trans- 
former capacity for the prevalent three-phase system has long 
since faded away. Extensive experience has proven that auto- 
transformers constitute but a small part of the total expense of a 
well-designed automatic protector system employing 120/208- 
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or 115/199-volt secondaries. The minor difficulties in fitting 
standard devices to the non-standard voltages in this type of 
secondary system comprise just one of the routine matters en- 
countered in underground distribution practise. The effort to 
spread the use of translators for 115/230-volt three-phase net- 
works has likewise fallen down, so there is no need to compare 
the two-phase network with that scheme. 


To sum up, it appears that the two types of a-c. underground 
network system are, in general, giving reliable service; but the 
automatic protector system is probably cheaper in first cost and 
maintenance and conserves the investment by more promptly 
isolating primary faults. 


H. S. Davis and W. R. Ross: Mr. Richter points out the 
difference in the two prevailing types of a-c. network systems 
and indicates the relative amount of load connected to each. 
Admittedly, there are a predominance of a-c. network systems 
which employ the low-voltage automatic a-c. network protector. 
However, in spite of the larger number of systems of this type, 
little or no thorough-giving information has been placed at the 
disposal of the industry as to actual operating performance. 
The object of our paper was to present operating data secured over a 
five-year period of actual operation of the Philadelphia a-c. 
networks. This operating experience has fully demonstrated 
the soundness of the sectionalized loop-feeder plan. We believe 
the highly satisfactory performance has resulted largely from 
the simplicity of the equipment utilized. 

Of the various devices available to interrupt circuits in the 
115/230-volt class, it is believed that the link fuse is one that 
can be depended upon reliably to interrupt the cireuit. Further, 
it is our opinion that the slight additional time required for the 
fuse, as compared with the network protector, to interrupt fault 
currents of small magnitude, does not nearly outweigh the 
advantage of having this dependable simple interrupting device. 

Regarding the matter of speed of isolation of primary faults, 
Mr. Richter overlooks the fact that under the loop scheme the 
primary sectionalizing breakers operate in about ten cycles and 
thus isolate the faulty section from the remainder of the primary 
feeder, then the fina! isolation of the fault, from the network, is 
accomplished by the fuses interrupting only the fault current 
fed back through one network transformer bank. 


To meet conditions such as the complete outage of a feeder or 
all the feeders due to the loss of a substation, the parallel radial 
feeders scheme requires as high a degree of interlacing as does 
the section sectionalized loop-feeder plan. Unless this is done, 
an equivalent grade of service cannot be afforded without 
materially increasing the total feeder or transformer capacity, 
or both. 


No attempt was made to stress the relative merits of the five- 
wire, 115/230-volt, two-phase, network system. Mr. Richter ~ 
concedes that minor difficulties are experienced from time to 
time in fitting standard devices to operate satisfactorily on non- 
standard voltage systems. However, to quote Mr. Richter, 
“this has become more or less one of the routine matters en- - 
It is obvious 
that standard voltages have very definite advantages and afford 
greater ease of operation from a regulation standpoint than can 
be considered where the secondary network consists of four-wire, 
three-phase, 120/208- or 115/199-volt secondary mains. 


In summing up his remarks, Mr. Richter makes the general 
statement that the automatic network low-voltage protector 
system is probably cheaper in first cost and maintenance. Hxcep- 
tion is taken to these very general statements in that information 
at hand does not bear out this contention. Comparisons of 
operating maintenance costs on systems using the network 
protectors and the maintenance cost of operating loop-sectionaliz- 
ing devices, such as those in operation in Philadelphia, indicate 
that there is little, if any, saving in one system over the other. 


Present Day Practise in Grounding of 
| Transmission Systems 
Second Report of Subject Committee on Grounding* 


INTRODUCTION 


N 1923 the Protective Devices Committee through 
| its Subcommittee on Grounding issued a report on 
the grounding practise of that day. Last year it was 
felt that there had probably been sufficient change since 
that time to justify a second report of the same nature, 
and the Joint Interconnection Subcommittee of the 
Power Generation, Protective Devices, and Transmis- 
sion and Distribution Committees undertook to work 
up the report which is submitted herewith. 

In preparing this report the general scheme of the 
first report was followed, the information received from 
the participating utilities being given without any at- 
tempt to draw conclusions as to preferred practise. 

Some of the salient points of comparison between 
ungrounded, solidly grounded, resistance grounded, 
reactance grounded, and tuned reactance grounded 
systems, such as drop in voltage, kilowatt demand, 
steady-state voltage stresses and apparatus cost can be 
fairly well calculated, but there is still too much uncer- 
tainty regarding other factors, such as transient voltage 
stresses, possibilities of double faults, effects on relaying, 
to allow of any clear-cut preference for any one scheme 
of grounding over the others. However, in order to 
assist the reader in applying the data to his own condi- 
tions, the committee felt that a short review of the 
fundamentals of grounding might not be out of place. 


DEFINITIONS. 


For the purposes of discussion the Committee has 
set up the following definitions: 


A. Solidly Grounded 

A station is considered solidly grounded when the 
‘neutral of every generator or transformer bank in that 
station is connected solidly and permanently to earth 
through a low resistance connection. A system is 
solidly grounded when all of its major generating sta- 
tions or transmission substations are solidly grounded. 


B. Resistance Grounded 


A system is considered resistance grounded when a 


resistor is interposed between the neutral and earth. 
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C. Reactance Grounded 


A system is considered reactance grounded when an 
air core or iron core reactor is interposed between the 
neutral and earth; if grounded through a grounding 
transformer, or if only a portion of the generator or 
transformer capacity at any given location is solidly 
grounded. | 


D. Tuned Reactance Grounded 


A system is considered tuned reactance grounded 
when the aggregate reactive current passed by the 
neutral reactors or their equivalent substantially equals 
the aggregate charging current to ground of the system 
when one conductor is grounded, as with the Petersen 
coil, Bauch transformer, and the dissonance coil. 


E. Ungrounded 


A system is considered ungrounded when there are no 
conductive paths between the neutral and earth, except 
perhaps through potential transformers. 


SELECTION OF GROUNDING METHOD 


There are several factors which influence the choice 
of grounding method, and the most important of them 
are listed below: 


1. Apparatus insulation. 
2. Fault-to-ground current. 
38. Stability. 
4. Relaying. 
5. Arcing grounds. 
6. Double faults. 
7. Lightning protection. 
8. Inductive coordination. 
9. Continuity of service. 
10. Adaptability to interconnection. 
11. Operating procedure. 
12. Equipment cost. 


1. Apparatus Insulation 

Transmission line insulation is principally determined 
on the basis of keeping down flashovers due to lightning 
and there is practically no difference in this insulation 
regardless of method of grounding. On transformers 
having voltage ratings lower than 115 kv., both ends of 
the high-voltage winding are insulated according to the 
rated voltage of the transformer, hence there is no 
difference in transformer costs regardless of how the 
neutral is grounded. For rated circuit voltages, 115 kv. 
and above, a saving in the cost of the transformers can 
be effected by the use of transformers having the insula- 
tion graded to various extents. The maximum saving 
is reached on transformers for solidly grounded neutral 
service, particularly where the rated circuit voltage is 
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high. Smaller savings are effected if the transformer is 
only partially graded as when reactance or resistance 
grounding isemployed. No savings are available on oil 
circuit breakers except for 230-kv. service where under 
favorable conditions a special breaker with reduced 
insulation may be used for solidly grounded neutral 
service. While the level of insulation will be deter- 
mined largely by lightning surges, undoubtedly switch- 
ing surges and surges resulting from system disturbances 
contribute to insulation failures so that maintenance 
charges should be less over a long period with a ground- 
ing system giving fewer and smaller surges. 

In cable systems, it is the practise of some companies 
when using multi-conductor cables to provide insulation 
between conductor and sheath in accordance with the 
type of grounding used, that is, the maximum insulation 
is used on isolated-neutral systems and the minimum on 
solidly-grounded systems. For the higher voltages, type 
H cable is now quite commonly used. On account of its 
fundamentally correct design, for any given voltage, 
type H cable with a total insulation equal to only the 
conductor insulation of belted cable is generally con- 
sidered to have an equal factor of safety. However, the 
present practise is to use a slightly higher value of 
insulation than this in such cable. 


2. Fault-to-Ground Current 


The fault-to-ground current varies very widely, 
depending upon the type of ground connection used. 
The maximum current is obtained when the neutral is 
solidly grounded and the minimum current when a 
tuned reactance is used. In general, there are no cost 
differences for the different methods of grounding 
because equipment must be applied on the basis of the 
worst possible conditions, so that circuit breaker inter- 
rupting capacities are usually fixed by line-to-line short 
circuits, and this is also true of generator and trans- 
former bracing. The heavier short-circuit currents cause 
greater and more widespread drops in system voltage, 
possibilities of system instability and greater damage to 
equipment at the point of fault with consequently 
increased time of outage. However, the practical de- 
velopment of the high-speed, high-voltage breaker and 
associated relay systems gives promise of relieving this 
situation. 


8. Stability 

The introduction of high-speed breakers and relays 
has made it possible to meet practically all stability 
problems under conditions of single-phase faults to 
ground. The fact, however, that high-speed clearing of 
faults to ground is sometimes necessary for the mainte- 
nance of stability with a solidly grounded neutral, 
should not be held as a reason for penalizing this method 
of grounding with the extra cost of high-speed breakers. 
Due to the fact that line-to-line faults are sufficiently 
numerous that they must be taken into account, high- 
speed breakers would be installed in any case, irrespec- 


tive of the method of grounding. Where resistance 
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grounding is used, assistance in maintaining stability is 
afforded by the power loss in the resistor (provided it is 
located at the sending end), but this assistance decreases 
with decreasing breaker and relay time. It is of no 
value for line-to-line faults but may be of considerable 
help in the case of a two-conductor-to-ground fault. 
4. Relaying 

Relaying for ground faults is simplest on a system 
grounded at one point because the residual currents 
flow only in one direction. On systems grounded 
through a tuned reactance, the fault current itself is 
practically zero although there is considerable current 
in the reactor itself, depending upon the extent of the 
system. The distribution of fault current, however, 
is not affected by the location of the fault. The relay- 
ing when necessary is accomplished by short-circuiting 
the tuned reactor and then relaying in the usual manner. 
The total current is then comparable to that obtained 
with a system grounded at one point. Relaying is 
extremely difficult on ungrounded neutral systems, as 
the charging current and its distribution change radi- 
cally when the line connections are changed. 


5. Arcing Grounds 


By arcing grounds is meant the tendency for the 
creation of a high-frequency oscillation at the point of 
fault and building up the voltage to several times normal 
to ground on successive restriking. This condition is 
apparently caused by the action of the line capacity to 
ground in maintaining a direct-current potential be- 
tween successive arcs. 


6. Double Faults 


Faults to ground on different phases may occur on any 
system, but since an excessive dynamic voltage to an 
upper limit of 1.78 times normal appears on two of the 
three conductors all over the system in the case of a 
single-phase ground on the systems grounded through 
high impedance, the possibility of a second fault appear- 
ing as a result of the first fault is increased. 


7. ILaghtning Protection 


Lightning arresters have been developed to the point 
where it is now possible to obtain a protective ratio of 
approximately 2.5 to 1, that is, the maximum voltage 
during surges can be limited to 2.5 times the normal 
dynamic voltage. However, the arrester must be 
applied on the basis of withstanding the maximum 
dynamic voltage which may exist from line to ground 
and in the case of ungrounded systems, or systems 
grounded through a high impedance, the arresters must 
be applied on the basis of withstanding 1.73 times nor- 
mal phase-to-ground voltage without the flow of power 
current. This results in a decrease in the protective 
value of the arrester and an increase in its cost. The 
stress on the neutral end of the transformer winding due 
to a surge is higher when the neutral is grounded 
through a reactor than when solidly grounded or 
grounded through an ideal resistor. This requires that 
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the neutral end of the transformer and the reactor be 
correspondingly strengthened or some form of protec- 
tive device, such as a lightning arrester or capacitor, 
be placed across the reactor. 

8. Inductive Coordination 

Under normal operating condition, power line phase 
currents and voltages are usually balanced as far as 
practicable. However, it is impossible to obtain an 
absolute balance of these factors. Any residual current 
or voltage, however small, will operate through the 
earth when the power system neutral is grounded. 
These residuals may be manifested in adjacent com- 
munication circuits as noise or troublesome induced 
voltage. When the system neutral is grounded, it is, 
therefore, necessary to maintain closer balances of both 
lines and equipment than would otherwise be necessary. 
It may be necessary also to reduce generated harmonics 
of the fundamental frequency or render them innocuous 
by means of suitable filters. 

The magnitude of voltage induced into a communica- 
tion circuit from a ground fault on a power circuit is 
dependent upon the coupling between the power and 
the communication circuit and the magnitude of the 
ground fault current. Under certain conditions there 
may be fundamental frequency voltage induced in the 
communication circuit from the unbalanced voltages 
on the power circuit at the time of fault. These are 
usually unimportant compared to the effects induced 
from the currents. Manifestations in the communica- 
tion circuit are dependent both upon the magnitude and 
duration of the abnormal voltage. On grounded neutral 
systems large fault-to-ground currents are most likely 
to occur if the system is solidly grounded. The intro- 
duction of any impedance in the neutral lessens the 
magnitude of this current, and the higher the impe- 
dance naturally the lower the magnitude of the current. 
The use of high neutral impedance puts serious limita- 
tions on relaying, both as to selectivity and as to the 
total time required for clearing the fault. This, of 
course, may have adverse reaction from the inductive 
coordination standpoint, as would also any tendency 
to increase the frequency of occurrence of double faults. 

If double faults occur on a system with isolated or 
high impedance neutral the ground fault current may be 
greater than the ground fault current for a single fault 
on a solidly-grounded neutral system. However, the 
probability of double faults occurring at such points as 
to lead to the largest induced voltages is less than the 
similar probability of a single fault on a solidly-grounded 
neutral circuit. 


9. Continuity of Service 


With any type of system grounding except un- 
grounded systems of small extent, or systems grounded 
through tuned reactance, a momentary flash to ground 
on one conductor requires that the circuit be isolated in 
order to clear the fault. This means that where con- 
tinuity of service is essential a second circuit must be 
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available to maintain the supply. However, even on 
systems where a flashover to ground is not accompanied 
by power-are, a second circuit would probably be re- 
quired to take care of faults due to causes other than 
flashovers. 


10. Adaptability to Interconnection 


Systems grounded solidly, through a resistance or 
through a reactance are usually adaptable to intercon- 
nection. A system grounded through a tuned reac- 
tance, however, cannot be tied in conductively with 
systems using another method of grounding, because 
the tuning is destroyed and are suppression cannot be 
obtained. Ungrounded neutral systems are subject to 
the same difficulty, in that connection to a grounded 
system destroys their characteristic. 


11. Operating Procedure 


The operating procedure for solidly grounded, resis- 
tance grounded, and reactance grounded systems is the 
procedure which is well known in this country today, 
that is, automatic isolation of lines and switching in and 
out of lines at will. With the system grounded through 
tuned reactance, when lines are switched in and out of 
service, the taps on the coils must be changed so as to 
compensate for the charging current to ground. This 
need not be done for each change in transmission line 
set-up, but the compensation must be maintained within 
reasonable limits. 


12. Equipment Cost 


The solidly-grounded system requires no neutral 
impedance device and therefore effects a saving in this 
regard. In addition there may be a saving in apparatus 
insulation. In: the case of 230-kv. transformers, the 
saving resulting from the use of graded insulation is 
considerable with smaller savings down to 115 kv. 
For lower voltages than this, there is no saving. The 
resistance and reactance grounded systems are probably 
next lowest incost. In the case of high-voltage systems 
a partial grading may be possible with these methods 
of grounding with some saving in cost. The tuned 
reactor coil may under certain circumstances cost less 
than a resistor or reactor, but grading of the trans- 
former insulation is not possible. The lightning arrester 
costs on the resistance, reactance, and ungrounded 
systems will be more than on a solidly-grounded system 
of equal voltage. 


SUMMARY OF GROUNDING PRACTISE 


For the purpose of obtaining a cross-section of present 
day practise in grounding system neutrals a question- 
naire was submitted to thirty-nine representative 
utilities throughout the States and thirty-two replies 
were received. A list of the participating companies is 
given at the end of the paper. The reference numbers 
used in the tables and figures do not correspond to this 
list. aes 

The Committee deemed it desirable to analyze and 
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~ condense the data received rather than publish them in 
their entirety, and this has been done as far as possible 
“ii 
tem’ is meant a certain number of circuit miles conduc- 


in the form of tables and figures. In these by a “‘sys- 
tively connected, that is, connected by metallic ties. 
One company, therefore, may operate several systems, 
and on the other hand a system may overlap two or 
more properties. This is necessary because in the 
problem of grounding the mileage of the conductively 
connected transmission lines is of importance and not 


the total mileage owned by any one operating company. 
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The Tierroda of grounding adopted by the companies 
reporting are given in Figs. 1 to 4, which show the 
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as solidly grounded, showing a marked preference for 
this type of grounding. One company reports solidly- 
grounded neutrals on 132- and 66-kv. systems except at 
three substations, where from 53 to 75 per cent of the 
transformer capacity is grounded. These three sub- 


GROUNDING PRACTICE 


ivy RESISTANCE GROUNDING 
154 - 220 254 [One System] Resistance grounded at sending end 
__ Reactance grounded at receiving end 
pee 1131 } Two Systems 
C3 255 1358 Max. 
285, Average 10 Systems 
[Avenee 528 [One System] 


Max 
+132 versa I se 


200. 400. +600 800 1000 (200 1400 
Miles of Line Conductively Connected 


Kia. 2 


stations are by definition reactance grounded, but 
because of the preponderance of solidly-grounded sub- 
stations on the systems they are reported as solidly 
grounded. Another company grounds only one-third 
of the transformer capacity at one station, but the 
entire bank capacity at other grounding locations. 

One company reports using a resistance at the gen- 
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grounding device in its most recent 220-kv. trans- 
former installation. There appears to be a tendency in 
very high-voltage systems to limit the ground current 
by some kind of impedance—resistance, reactance or 
partial grounding of the total transformer capacity. 

On systems of 66 ky. and below, the solid grounding 
practise is less pronounced. It will be noted that in this 
voltage range 51 per cent of the systems are solidly 
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grounded, 9 per cent are grounded through resistance, 
8 per cent are grounded through either reactors or 
grounding transformers, 32 per cent have free neutrals. 

Two companies report cases of reactance grounded 
substations in parallel with solidly-grounded substations. 
This is done to obtain a desired distribution of fault 
current through the two or more grounding locations. 
It will be readily seen that grounding a small trans- 
former solidly may be the equivalent of grounding a 
large transformer bank through an impedance as far as 
distribution of ground current is concerned. 

Another company reports the use of a Petersen coil. 
The report shows quite a marked reduction in the 
number of interruptions caused by lightning during the 
year in which the Petersen coil has been in service on 
this line. 

In the case of the 11-kv. to 14-kv. systems we find that 
it is almost universal practise to ground only one genera- 
tor on each bus section. Four companies report ground- 
ing the generator bus sections through grounding 
transformers, and two use grounding reactors. 

It has been generally accepted as a result of experience 
that on ungrounded systems the possibility of obtaining 
dangerous voltages becomes more prevalent as mileage 
and voltage increase. This was universally recognized 
and led to different methods of grounding. In America 
solid grounding was resorted to in the majority of cases, 
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and resistance was inserted in the neutral only where the 
fault current was likely to be excessive. 

Regarding the value of resistance used no very 
definite practise was followed except to keep it high 
enough to achieve the desired result in limiting current 
and low enough to pass adequate current for relaying. 
For the same degree of protection it may be assumed 
that the grounding resistance should vary inversely as 
the charging current. A formula based on this premise 
was published in the First Committee Report, viz.: 


K =(6,+5+25 65) xf xh 


Where = Constant 

= Miles of overhead lines 

= Miles of underground cable 
= Frequency 


R = Neutral resistance 


K 
i 
L, 
f 


It will be interesting to make the comparison of the 
value of K in 1923 with that of today. Table II shows 
this comparison. In the generated voltage class the K 
values of today tend to fall in all cases below those of 
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1923, while in the higher voltages they have remained 
about the same except as regards the maximum. It is 
significant that this maximum value of 3.4 x 10° occurs 
on a system in which the company is contemplating 
reducing the value of neutral resistance. Even so, it is 
well within the 6.2 x 10° value, which according to 
the first report, Petersen states will prevent arcing 
grounds. 


TABLE II 
1923 Values 1930 Values 
Value of K/10° Value of K/10° 
No. of No. of 
Note systems Min Average Max systems Min Average Max. 
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Note A = Systems at generated voltage. 
Note B = Systems above generated voltage 
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GROUND WIRE PROTECTION regards the use of ground wires, and this information is 
y-nine companies reported their practise as givenin Table III. 


TABLE III—GROUND WIRE PROTECTION 
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In order to show the over-all practise in the use of 
ground wires for the protection of transmission lines in a 
more concise manner, Fig. 5 has been prepared. This 
figure has been worked up on two percentage bases. In 
the first case the total length of all lines reported in a 
given voltage class was taken as 100 per cent and the 
mileage of lines protected by ground wires was drawn as 
a percentage of that total. This gives the practise of 
the country as a whole. In the second case, the total 
mileage in a given voltage class of each individual com- 
pany was taken as 100 per cent, and the mileage of pro- 
tected lines was expressed as a percentage of this total 
(eighth column in Table III). The average of these 
percentages in any voltage class is the value given in the 
chart. This tends to show the opinion of transmission 
engineers better than the first value perhaps, because 
the short systems are given the same weight as the 
long systems. 


TOWER FOOTING RESISTANCE 


In protecting a line against direct strokes of lightning 
the performance of the ground wire depends on its 
receiving the direct stroke and conducting the energy to 
ground without causing a flashover to the line conduc- 
tors. This depends upon the ability of the ground 
wires to remain at a low potential, and this again is 
dependent to a large extent on the value of the tower 
footing resistance. 

From the replies to the question regarding tower 
footing resistance it is apparent that there is very little 
accurate data available, and that at this time no average 
figures of any value can be given, either on the basis of 
general territory or nature of soil. One company 
reports a range of 1 ohm to 58 ohms over a very re- 
stricted territory. The extremes reported by the seven 
companies replying to this question are 0.05 ohm and 
300 ohms and the average 22.5 ohms. 


SIMULTANEOUS FAULTS AT DIFFERENT LOCATIONS 


In reply to the question: ‘‘Do you have evidence of 
simultaneous faults at different locations?” twenty-five 
replies were received. Of these sixteen companies 
reported no evidence; two reported less than 1 per cent; 
three reported 1 per cent; one reported 5 per cent, and 
three gave replies as noted below. In all cases the 
evidence was taken from relay operations or from 
automatic oscillographs. 

One company had trouble on a 300-mile 66-kv. system 
until it was grounded. The neutral was found to shift 


to 80 per cent of the line-to-ground voltage at the middle. 


of the section when one conductor was grounded. 

One company reports no evidence of. simultaneous 
faults on its 1382-kv. and 220-kv. systems. One 66-kv. 
and two 22-kv. systems show 1 per cent or less; one 
. 66-kv. system 15 per cent, eight 26-kv. and three 13-kv. 
systems (mostly overhead) show 33 per cent, as indi- 
cated by relay operations. The last two percentages 
include double faults at the same physical location as 
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well as double faults at different locations, the former 
very largely predominating. 

One company operating an ungrounded system re- 
ports conclusive evidence of arcing grounds without 
stating any figure for this type of fault. 


TYPES OF FAULTS 


There are four possible types of faults on a system: 


a. One conductor to ground. 

b. Two conductors to ground. 

c. Phase-to-phase short circuit. 

d. Three-phase short circuit. 
In reply to the question regarding the division of the 
faults into these four classes twenty-seven replies were 
received. These are givenin Table IV as a percentage 
of the total number of faults. It must be borne in 
mind that these figures include both overhead and 
underground lines. 


TABLE IV 
One cond. Two cond. Ph. to Ph. Three-ph. 
to ground to ground sh, circuit sh. circuit 
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SUFFICIENCY OF GROUND CURRENT 


Regarding the sufficiency of ground current for re- 
laying purposes, all companies except two report 
sufficient current for relaying purposes. These two 
exceptions encounter trouble at times of light load in 
the matter of selectivity. 

The loss of synchronous load caused by ground faults 
is rare. Seven companies report having this occasion- 
ally. One company is making changes in its relay 
equipment to rectify this condition. 


RECENT OR CONTEMPLATED CHANGES IN METHOD OF 
GROUNDING 


In reply to this question, some companies have de- 
scribed certain changes in their system layouts which 
they are contemplating or have recently completed to 
correct faults which they have been experiencing. The 
changes which seem pertinent to the subject under 
report are given below. 

Company No. 1. The neutral resistor on the 11-kv. 
underground system has been reduced from three ohms 
to one and one-half ohms to prevent occurrence of 
simultaneous faults on this system. 

Company No. 7. This company formerly operated 
certain lines ungrounded, but in order to eliminate 
arcing grounds and simultaneous faults, it is now 
grounding everything solidly including the 11-kv. 
circuits. 

Companies Nos. 9 and11. The tendency of these two 
companies has been to reduce the number of grounding 
points on their systems so as to decrease the magnitude 
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of the ground currents. This is to reduce the duty on 
equipment and the possibility of telephone interference. 

Company No. 12. The 38-kv. lines of this company 
were originally fed through delta-connected transform- 
ers. These have been replaced by auto transformers 
with grounded neutrals. This. change has resulted 
in eliminating about 60 per cent of the trouble on 
these lines. 

Company No. 18. The resistance in the 25-kv. 
neutral has been decreased from 28.8 ohms to 19 ohms 
and at one of the stations to 14 ohms. This was made 
possible by the installation of higher capacity breakers. 

Company No. 19. One of the original 66-kv. lines 
of about 30 circuit miles was delta connected and un- 
grounded. In extending this system it was necessary 
to use underground cable, which was not suitable for 
ungrounded operation, and this fact, together with the 
advantages of the grounded system in eliminating arcing 
grounds and limiting transient voltages, led to a decision 
to change the entire system to star connection with the 
neutral grounded. 

The original 26-kyv. systems were solidly grounded 
through the wye-connected transformers at the supply 
end, but resistors of 75 ohms have been installed as an 
inductive coordination measure. However, secondary 
advantages have been obtained as a result of lower fault 
currents, which produce less general disturbance to the 
system and are less destructive at the point of fault and 
to apparatus. The relay system is somewhat more ex- 
pensive and complicated but is proving quite reliable 
in operation. 

The only other change in method of grounding was 
the adoption of the policy of grounding one piece of 
equipment on each side of certain bus sectionalizing 
breakers. The object of this change is to permit reten- 
tion of a fixed neutral in the good section of a bus should 
sectionalizing breaker open. It is expected that this 
will result in fewer insulator failures on the operating 
bus section at times of fault, but to date little operating 
experience has been secured. 

Company No. 23. Grounding transformers have been 
installed recently on a formerly ungrounded 60-kv. 
delta-connected system to relieve telephone interference 
and arcing grounds resulting from line-to-ground faults. 
Results have been satisfactory. 

Company No. 25. Inthe generating stations, the neu- 
tral grounding resistances are being reduced as the 
growth of the low-tension distribution systems require. 
The value of resistance is selected on the basis of mini- 
mum allowable relay currents, and the maximum allow- 
able resistance which will eliminate arcing grounds. 

Company No. 29. This company’s 33-kv. system was 
formerly solidly grounded, but now five points are 
grounded through 50 ohms resistance and the other 
points are left ungrounded. This step was taken to 
eliminate telephone interference. 

Company No. 31 This company had the 18.2-kv. 
system neutral grounded through resistors which would 
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limit the ground current to 1,000 amperes. The method 
of operation was changed so that the sources of 
generation were segregated and synchronized at the 
load. This permitted short-circuiting the neutral re- 
sistors and going over to solid grounding, the only tie 
between generator bus sections being at remote loca- 
tions. Only one generator neutral on any bus section is 
grounded. The new method of operation has resulted 
in a greatly reduced number of simultaneous faults. 


PARTICIPATING COMPANIES 


Alabama Power Company and Associates. 

Buffalo, Niagara and Eastern Power Corporation. 

Cleveland Electric Illuminating Company. 

Commonwealth Edison Company. 

Connecticut Light and Power Company. 

Consolidated Gas, Electric Light and Power Com- 
pany of Baltimore. 

Detroit Edison Company. 

Duquesne Light Company. 

Georgia Power Company. 

Houston Lighting and Power Company. 

Memphis Power and Light Company. 

Metropolitan Edison Company and Associates. 

Mississippi Power Company. . 

Montana Power Company. : 

New York Edison Company and Associates. 

New England Power Association. 

Northern States Power Company. 

Ohio Edison Company and Associates. 

Oklahoma Gas and Electric Company. 

Pacific Gas and Electric Company and Associates. 

Pennsylvania Power and Light Company. 

Philadelphia Electric Company. 

Public Service Electric and Gas Company. 

Public Service Company of Northern Illinois and 
Associates. 

Puget Sound Power and Light Company. 

Southern California Edison Company. 

South Carolina Power Company. 

Tennessee Electric Power Company. 

Texas Power and Light Company. 

Union Electric Light and Power Company and 
Associates. 

Washington Water Power Company. 

West Penn Power Company. 
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Discussion 


E. C. Stone: A comparison of the first report on grounding 
published about eight years ago with the present report shows no 
radical changes in practise, but indicates some interesting trends. 
This report covers 57,000 miles of transmission line as compared 
with 31,000 miles covered in the previous report. 

In the following table is a comparative summary of the mile- 
ages of lines grounded by the various methods: 


Present report 1923 report 


Per cent Per cent 

Method of grounding Mileage of total Mileage of total 
Unerounded'’<.42.... soo eee By LO aes Oi Bina ces. 6,385.51) 9 20.4 
Solidly grounded. 72... .cseas 42 300; GE pies CA Omer 18,375. 58.5 
Resistance grounded.......... 6,346..... 1 ae epee 6,448..... 20.8 
Reactance grounded.......... 2,903..... RIP ALSote| ore, LOO). cee Otc: 
Mota. ye oes, 56,859)... TOOSO rE. asl BOS is... a 100.0 


It is interesting to note that with the exception of approxi- 


mately 5 percent of the total mileage which is reactance ° 


grounded, all of the increase in mileage covered by the second 
report is solidly grounded. 

The present report clearly indicates a better understanding 
of the principles of system neutral grounding, of the fields for 
application of the various methods and of the results to be ex- 
pected. Thus it has been found that the ground current in eases 
of a system fault must be large enough to prevent arcing grounds 
and to provide for positive selective relay operation. The points 
at which the neutral is grounded must be sufficient in number 
and so located to permit of adequate current flow wherever on 
the system a fault may be located. On the other hand the neutral 
ground current must be limited to values which will not cause 
undue damage at the point of fault and which will not produce 
system instability. The limit is of course a function of the maxi- 
mum time a fault current is permitted to remain on the system. 
Larger currents are permissible where high-speed circuit breaker 
tripping is employed. 

Effects on communication circuits are a function both of the 
wave form and the magnitude of the fault current. 

It seems to the writer that the present report should definitely 
differentiate between systems operated at generated voltage and 
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those operated at higher than generated voltage, just as the first 
report did. Analysis of the data presented in the present report 
shows that of the 36,000 miles of line reported on as operating at 
34,000 volts or above, approximately 34,000 miles or 90 per cent 
is solidly grounded, while for the 21,000 miles operated below 
34,000 volts only 55 per cent is solidly grounded. There are defi- 
nite reasons for this difference in practise. On the high-voltage 
lines solid grounding gives greater benefits from the insulation 
standpoint while at the same time the ground currents in relation 
to system capacity are relatively low and these systems are in 
major part outdoor overhead systems so that the physical damage 
from ground fault currents generally is reduced. On the other 
hand on the lower voltage systems the fault ground currents are 
relatively large and the insulation benefits from solid grounding 
comparatively small. These systems consist largely of under- 
ground cable and indoor substations, so that damage from large 
fault ground current becomes more serious. 


As stated above the present report shows lower average im- 
pedanee in the grounding circuit for systems operated at gener- 
ated voltage. It is believed that further analysis of the data on 
these systems will show that while the over-all grounded neutral 
impedance may be lower than before, ground fault currents are 
still limited in value by the sectionalizing of the generating station 
buses so that a larger element of line impedance than before is 
introduced into the ground fault circuit. 


The problem of double simultaneous faults at different parts 
of a system is of particular importance because of the difficulties 
in many cases of providing relaying which will isolate such faults 
without interruption to service. In an ungrounded system 
simultaneous faults are naturally charged to arcing grounds. 
In a properly grounded system arcing grounds should be impos- 
sible so that simultaneous faults may be assumed to be the result 
of the rise in voltage on two-phase when the third-phase is 
grounded. It seems fair to raise the question, particularly on 
moderate voltage systems, whether the relatively small lowering 
of fault voltages by reduction in value of ground impedance will 
correct the situation and whether the insulation required for 
normal operation should not be sufficient to withstand these ex- 
cess voltages resulting from ground currents for the short periods 
of time required for relay operation. 'The conclusion is drawn 
that the solution is to be found not in reducing the impedance 
of the neutral ground circuit but rather in raising the system 
insulation to a level which will permit it to withstand the over- 
voltages prescribed by our standard A. I. E. E. tests. 


Another subject discussed in the report which is of major 
importance is the impedance of grounds which are used in con- 
nection with lightning protection. The evidence of operating 
experience seems to point very clearly to the fact that much light- | 
ning protective apparatus has had its effectiveness much reduced 
or destroyed by the unsatisfactory grounds used in connection 
with it. With the latest types of lightning arrester now available 
it is beginning to look as though the neck of the bottle in lightning 
protection lay in the impedance of the grounding circuits of the 
protective equipment. 

The problem of system grounding is only one phase of the 
greater general problem of reducing insulation failures which is 
facing power engineers today. We may be optimistic on this 
subject, however, because of the extensive research in progress 
and the definite advances being made. 


C. A. Powel: Mr. Stone’s comparison of the present report 
with the first report is particularly valuable and raises some 
points which might well be taken into consideration in future 
reports. Itis hoped that the next report will include comparisons 
based on more precise methods of defining the degree of ground- 
ing so as to facilitate the classification of the various systems. 


Reactance of Transmission Lines With 


Ground Return 
BY. EoCLEM: 


Member, A. [. E. E. 


Synopsis.—In this paper there is presented an analysis of the 
circutt consisting of any number of line conductors in parallel with a 
return through the earth and any.number of grownd wires in parallel. 
In the development of this analysis certain assumptions have been 
made which tests indicate do not detract at all from the engineering 
usefulness of the result but which simplify the formulas very much. 
The general formulas resulting from this analysis are condensed in 
Table A-1. 

For the application of this method to the calculation of ground 
faults it is necessary to know what value of earth conductivity applies. 
Considerable data in regard to this for various localities have been 
collected and are given in Table C-2. For convenience in making 
the calculations curves are given for various values of the earth con- 
ductivity over the range as indicated by test and experience. These 
curves are given as Figs. C-2 and C-3. Occasionally preliminary 


calculations are made in which very approximate reactance values 
are used. In such cases a line reactance of 0.8 ohms per m1. is used, 
and a zero phase sequence reactance of 2.6 ohms per mi. could be 
used with the same degree of accuracy. With one ground wire the 
zero phase sequence reactance would be about 2.0. ohms per mi. and 
with two ground wires about 1.6 ohms per mi. 

In the application of this method it should be noted that the values 
of a total impedance should be used and that it is necessary to know 
the contact resistance between conductor and earth at each end of the 
circuit. When a fault occurs somewhere along the line the contact 
resistance may be very high especially if no ground wire is used. 
When a ground wire is used the effective fault resistance will be 
relatively low even though the contact resistance of the tower footing 
to ground at that particular tower is high, since the fault current can 
pass to earth at several towers. 


INTRODUCTION 


NS electric power systems continue to increase in 
size and-as demands for more nearly perfect 

service become more insistent, increasing atten- 
tion must be given to the provision of arrangements 
whereby faulty portions of the system may be promptly 
isolated. Predictions concerning the stability of sys- 
tems are largely based upon a knowledge of the flow of 


synchronizing power between machines during fault 


conditions, and the application of suitable relays is 
determined largely upon knowledge of current flow 
during fault conditions. The faults which must be 
‘considered are generally those involving ground. 
Calculations involving unbalanced faults are greatly 
simplified by the use of the symmetrical component 
method introduced by Fortescue? and applied by 
MacKerras* and others. The successful use of this 
method requires a more accurate knowledge of the zero 
phase sequence impedance of transmission lines than 
has heretofore been available. 


The zero phase sequence reactance of transmission 
lines is the reactance of the three-line conductors in 
parallel with ground return. In 1927 the writer 
developed equations for the impedance of a circuit 
consisting of any number of line wires in parallel and a 
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Schenectady, N. Y. 


2. Method of Symmetrical Components Applied to the Solution ~ 


of Polyphase Networks, C. L. Fortescue, A. I. BH. E. Trans., 
1918, Vol. 37, p. 1027. 

3. “Caleulation of Single-Phase Short Circuits by the Method 
of Symmetrical Components,” A. P. MacKerras, G. HE. Review, 
1926, Vol. 29, pp. 218 and 468. 

Presented at the Middle Eastern District. Meeting of the 
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return path through ground or through ground and any 
number of ground wires in parallel. The application 
of these equations is contingent upon a knowledge of 
the impedance of a single conductor with ground return. 
The impedance of such a circuit varies with several 
factors, chief of which is the distribution of the current 
in the return path below the surface of the earth. As 
this is largely dependent upon soil conditions, it will 
obviously vary with the locality and terrain. Hence, 
field tests have been made to obtain experimental data 
for use in predicting ground impedance, and to check 
the theoretical analysis previously prepared. This 
paper presents not only the analytical study, but also 
its confirmation by field test data, plus a suggested 
method of predicting the impedance of the fundamental 
circuit of conductor with ground return. 


A. Crrcuit ANALYSIS - 


The analysis of the circuit is very simple although it 
involves such factors as the self inductance of the earth 
path and the mutual inductance between a wire and 
the earth which have usually been considered as ficti- 
tious quantities. However, by proper manipulation 
the equations can be made to take on a real and definite 
form. For the analysis as given here certain simplify- 
ing assumptions are made. It is assumed that the 
line wires are transposed, so that the same current flows 
in each of the conductors. It is assumed also that the 
spread of the current in the earth is such that its mutual 
effect on all the line conductors or ground wires is the 
same within the usual horizontal spread of line conduc- 
tors. The tests herein reported show that the error 
from this source is small and these assumptions, there- 
fore, do not detract from the engineering usefulness of 
the results. 
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In Fig. A-1 let 


m = number of line wires. 

nm = number of ground wires. 

g = subscript indicating ground. 

0 = subscript indicating ground wire. 
w = subscript indicating line wire. 


t = subscript indicating auxiliary test wire. 

L =jw& self inductance, as indicated by sub- 
scripts. 

M =j)jwM mutual inductance, as indicated by 
subscripts. 

r = resistance, as indicated by subscripts. 

Enn = circuit voltage. 

E, = voltage induced on test wire. 

I =current as indicated by subscripts—lack of 


subscript indicates total current. 


m ling wires 


nN ground wires. 


Fig. A-1 


Impedance of Circuit. The impedance of the circuit 
in this analysis is defined as the ratio of the applied 
voltage, E',,, to the total current J. The current flows 
from the generator out along the line wires to the point 
of fault, and flows back to the generator through the 
ground and ground wire in parallel. The effect of the 
current in the ground is simulated by a pseudo conduc- 
tor embedded in the earth as shown in Fig. A-2. 


This artificial earth conductor is assumed to have a self 
inductance of its own and to have mutual reactance 
with the real conductors of the circuit. The depth of 
this earth conductor below the surface of the earth 
and its effective diameter are not of interest at the 
present time. 

Starting from the generator the voltage of the circuit 
is made up of the voltage drop from the generator 
through the ground to the point of fault and the voltage 
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drop along one of the line conductors from the point of 
fault back to the generator. The voltage drop in any 
conductor of a circuit is made up of the voltage drop pro- 
duced by the current in the conductor and its own self 
inductance and the voltage drop induced in the con- 
ductor by the currents in other conductors through the 
mutual inductance. Writing this in the form of an 
equation we get: 


| Spe “ye be (7, + L,) + 1loM.g—-— I Mw, 
“i m (fe a oo ae m ww ° ow 


¥ i I g M wg 
But J, = I — I, so that this expression becomes 
| Opes = f Cars oe 1B a Tg a jE = 2 M w,) : 


m—1 


— ie I Ge + so a M ww) =a he cm + De, 


(1) 


— M,,— M., + Mew) (2) 


In this expression the self inductance involving the 
earth is usually said to be impossible of separate deter- 
mination. If itis combined with the mutual inductance 
between the earth and the line wire, or ground wire, 
reactance quantities are obtained which are real and 
can be determined by measurement. The self induc- 
tance of a conductor is a characteristic of the conductor 
itself and does not depend in any way upon other con- 
ductors in the neighborhood. For mutual inductance 
another conductor is required. If the current returns 
through the other conductor the voltage drop in the 
first conductor is J (L— M). This quantity (L— M) . 
is that which: is usually known as reactance. It can 
usually be determined by test or calculations either for 
a one way conductor of a circuit alone or for both in 
series. . 

If (r, + L,) is combined with M,,, a measurable 
reactance results and the introduction of (r, + Lp) 
— (r, + L.) to combine with — M,, + M.,, will give 
measureable reactances; or if (r, + L,) is combined 


- with M,, another measurable reactance results and the 


introduction of (7. + Lw) — (rw + Ly) will combined 
with — M,., + M.w to give other measurable reac- 
tances. In the form of an equation this can be expressed 
by 


9 mi ise Ves e Mo, SIs M ow 


r,+L, Tot Lu 
ad 2 aa Ma = 2 

ro+L. Po teodas 
<TR en pap 2 

tL, Ter lve 
= 2 + M ow 2 


reo ee (3) 


} 


mil 


i 


‘September 1931 _ 


=a + de — 2 Mo, a L, aa To Las 
L i vias 
Tw = a “ae 2 


When these expressions together with that derived in 
(3) are introduced into equation (2) it becomes: 


Bs Lwe + Loy — Zow m—1 
Lenn ato ee J 2 = 2m I Line 
ee (4) 
rey YS, EN Se chy Re | 
ip Ma= 1g + = é (5) 
and then the total circuit impedance is given by 
= ‘mn — 4Swg em 6 t ow 2 m 4ww (6) 


_ The indulgence of the reader is asked in keeping the 
terminology of M as it is defined in (5), as a form of 
mutual impedance, and appears in (6) distinct from 
that appearing in equation (1). This is an easy matter 
because the meaning of M as defined by (5) is the only 
one used in the final equations and in the calculations. 
The other meaning of M, which is the mutual induc- 
tance between two conductors, i is Dabs) used in the course 

} of the development. - 

— Current in Ground Wires. The over-all voltage drop 
from the generator through the ground to the point of 
— fault outside of the earth and along the ground wire to 
the point of fault must be equal so that 


o= ney + Ly) = if ae I, M., 


to 
estat) sa awe M oo — I Mow +1,M., 
i tanh = at (7) 
; teen =I- oA so that 
Lito L,- - M.,— M aes ae Mw) 
c ihe eT oat +r, +L, Fk Mos) ) core 
ot) Mei : fue ed) 1 at 
ant te to EE (to + Va =e ; (8) 


‘rc mv which in the s same manner as s before aaa letting 


ft 
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the order given. 


parallel and there are two ground wires. 
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test wire was introduced to obtain additional data for 
checking the analysis and it can also be considered to 
simulate a communication circuit on the same supports 


_as the power line. 
Ei iced g CF gore Lig ed 6 i faa PY OE 

ret gape d yovieo — a gh 5, 
As before I, = I — I, so that 
E,=I(r,+L,-M.,— M.,+ My) 

lo tg ey Me, MM os) (12) 
Which expression reduces to 

By =I Mei—le Mor (13) 


In Table A-1 the equations which apply to 1, 2, or 3 
line wires in parallel and 0, 1, 2, 3 ground wires are 
Numerical subscripts refer to number of line 
wires and number of ground wires respectively, and in 
Thus Z;.. means the impedance of the - 
circuit with ground return when three line wires are in 
The impe- 
dances then are defined as follows: 


I, = total return current in ground wires. 

I = total fault current. — 

Zwg = average impedance, line wire with ground return. 

Zog = average impedance, ground wire with ground 
return. 

Zig = average impedance, auxiliary wire with ground 
return. 

Zww = average impedance, line wire with. line wire 
return. | 

Zwo = average impedance, line wire with aoe wire 
return. 

Zea = average impedance, ground wire with ground 
wire return. 

Ziw = average impedance, auxiliary wire with line wire 

return. 

Zio = average impedance, auxiliary wire with ground 
wire return. 


The zero phase sequence impedance enters into anes. 
calculations of ground fault currents as a quantity 
which operates on the zero phase sequence current. 
This current is equal and in the same direction in all 
three line wires and is one-third of the ground fault 
curneat ee cena the _ZeL0 gen sec 


a 


es 09 


ot 
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TABLE A-1—IMPEDANCE OF CIRCUIT WITH GROUND RETURN CURRENT IN GROUND WIRE RETURN 
1 2 3 4 
No. gd. Zero phase 
wires One line wire Two line wires Three line wires sequence impedance 
Linn Z DU 
0 Zi0 = Z wo Zo = Zwg ai ie Z30 = Zwg and aero 3 X Zso 
To Lins w Z w 
1 Zi = Lah i M ow Zor = Zit == 4 Z31 = Zu am ar e5 es ox Z31 
Tent M ow 
=o : Same as Col. 1 Samevas:Coluidy "=~ ae Fee eee 
i Zog 
howe Z ww Z w 
2 Z12 Linnie ; Mow LL Z32.= Zi2 — ae Se Lise 
[Bas M ow 
7a a = Same as Col. 1 Same as:Col Sl ~ = = oe 
Zog sr 
T ” hs, * Ys — 
3 Zia. = Lager eon Zos = Zis : Zs = 2, — —— 3X Zas 
I 4 a 
lis! vars 
— = Same as Col. 1 SamierasiColda Ad Sey Vay ene eee ae 
Zoo 
Zog i 


B-7. The tests are as follows. (See Fig. A-1) 
Test No.1 One wire out—ground return 


Test No.2 Two wires out—ground return 

Test No.3 Three wires out—ground return 

Test No.4 One wire out—ground and one wire return 
Test No.5 One wire out—ground and two wires return 
Test No.5A Two wires out—ground and one wire 


return 
Test No.6 One wire out—one wire return 
Test No. 7 . One wire out—two wires return 

In tests 4-5-5A one or more line wires were used as a 
ground wire. 

In Table B-1 there is given a comparison of the calcu- 
lated and tested results for tests made before the 
installation of the ground wire and in Table B-2 the 
same comparison is given for the tests made after the 
installation of the ground wire. 

For Table B-1 the known values are considered to 
be the impedance of one conductor with ground return, 
indicated as Z,,,, and obtained from tests 1-2-3; and 
also the impedance of one conductor with line wire 
return, indicated as Z,,,,, and obtained from tests 6-7. 


In Table B-2 the known values are Z,,,, obtained — 


from the tests without the ground wire, and Zw» 
obtained from tests 6-7. Similar known impedances 
with the ground wire Z.,, Zo., and Z,.. are found by 
calculation to obtain Z,, and Z,,,, and by a combination 
of calculation and reference to the tested values of 7, 
to obtain Z,,. ; 

For the calculation of those tests when one of the 
line wires is in parallel with the real ground wires Z,,, 
Zoo, and Z,, must be modified.. ‘The modified’ values 
as used in the calculation are not given in the tabulation 


but may be obtained easily. For instance, if there 
was one real ground wire (Z,,). and one line wire used 
as a ground wire (Z,,,) then the effective ground wire 
impedance (Z,,’) used in the calculation would be | 


Low ae Live 
2 


and. the other necessary quantities are obtained in the 
same manner. 

During the tests after the ground wire was installed 
on the Turner-Logan line a lineman was stationed on 
one of the towers near the middle of the line to read the 
current in the ground wire. The results indicated that 
the current in the ground wire was the same at the 
middle of the line as at the end. Data are given in 
Table B-9. In tests 4, 5, and 5-A one or more of the 
line wires used as an additional ground wire was in 
parallel with the actual ground wire so that in Table 
B-5 the ground wire current given is the sum total, 
while in Table B-9 the current in the actual ground wire 
itself is recorded. ; 


Zog = 


C. PREDETERMINATION OF GROUND RETURN 
IMPEDANCE 


The main problem in the calculation of ground fault 
currents and the division of the return current between 
the ground wires and ground is the predetermination of 
the impedance of the fundamental circuit consisting of 
the conductor with ground return. 

It seems that for many years it was customary to 
consider the earth as a perfectly conducting plane. All 
the reactance was assigned to the conductor and the 
corresponding distance to the ‘‘neutral plane’ was 
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TABLE B-1—COMPARISON OF TESTS AND CALCULATIONS 
Tests Made Before Ground Wire Installed 


Pa. Pr. & Lt. Co. Appa. Elec. Pr. Co. Alabama Pr. Co. Consumers Power Co. 
220 Ky. 132 Kv. TIO Keys os 140 Ky. 
Wallenpaupack— Siegfried Turner—Logan North Auburn—Newann Saginaw—Flint 
Se ean By tests Sage tae Ot 17,00. 47 98188 reco. es ROO 1H 5 owe meet Datab y l2OnS a eae Ree 16.42 +7 60.13 
Peace oy, COSt Zinn Sane iro Gat ty LOO) None cerca cele 2220 sto) OO .BO. nes akira. « SOSOT ee LAS fe cians eae 26.65 +7 73.8 
het og BEY: f Caleulated fy =a. ..0. 44.7 een 1155 WT. WOR, ND, ¢ oe ci Oh Len ee reef 76.4 
Tested onset Ee ce Oe Race ALAS ME oy Lots ee eae 2 SIV CR MG pn Nala. 2s, Se eure 74.3 
iCalewlatedy 2 o=..2.. a PSE O02) 1G) at eras ciate hens 12 SANE [Ae Aare oe t oat 20:33:29) (Siw. aes 5. i Peon 15.27 + 751.39 
‘Tested Pa atic LOE SAR PRT Ss BB.e alee ad ae. ok U4 A Sp 27 AO ot ete eae D220 S42 FESO DOK Sama. ee wet 16.9 + Jj 51.6 
@alculated, £;=...... See Tet 1 Sh See i 14,37 Gere pee BO ASO 
‘Tested SP es Sa Oe et Wi 8 os oe ee es TASB eas 8 aida 30.70 
mes@aicuiated:. In aN Olam = a ork aes 4 58.7 Meche Beet: 68.3 Te hier See 3 55.9 
Tested Rianne oaiaiilee Ae aaa 5802, AMES 0 bec tae tc 66.5 Nits Se FO 53.4 
Calculated, Z See QED ier OO SO rm mites a emertle (OLN a AS. 20. cenit e « TS Cbs 7 LRT SOx peek 14.66 + / 46.98 
Tested 4 ee oes LOR 864-5) 7) «695484508... coat WS S3te 43.2oen ee Soa) CONS Eg. 1h, OO cya... eee 16.51 +7 47.3 
Bro Aner Calculated. lott ee44eTe 7k Spee eh wate: 21,5) BOY ee Si, ERED Ue Tl; oe RN stir 76.4 
F : Tested renee te One ee Li Sie ME oe Lip Mee Te eae. Mpeg et ok ee 74.8 
p sd ‘ 
» Calculated, Z. = BE DROS ms 1798.50 100)..0 vey caeuh ake GA ZG Sr GOR OG oe ein ois TD 6Oi yi BOO Seite otros 8.61 + 32.94 
' MMOSbCG. skater s% en ors 8 OSwe ap 49570.) comes c moss Scifi etn vd Oley Gdtepolalee caste aco LOR Swet i) dic SO Aces cle 9.43 + 33.3 
‘ ~ Calculations are made on the basis of the data Chinen: in Tests 1-2-3 and Tests 6-7. 7 ; 
. 
7 , af . 
y ; TABLE B-2—COMPARISON OF TESTS AND CALCULATIONS 
7 ; Tests Made After Ground Wire Installed 
Pa. Pr. & Lt. Co: Appa. Elec. Pr. Co. Alabama Pr: Co, Consumers Pr. Co. 
220 Kv. ° 132 Kv. 110 Kv. . 140 Ky. 
Wallenpaupack Turner—Logan Martin Dam—North Auburn Saginaw—F lint ‘ 
"By test and tale Zo ee, 17.00: + 95. Dateeaueteteteneweyatee « 14:00 (=F 57,.55:sek a ee ee 14.88 f425.30 cece toe eee +7 60.13 
" By test and cale. FATED) ete SOC a) ILOZAKOD Reiko cee DORAN tay GO See peer aa 12.76 +7 45.32......... Pouethaen Ay RP 
[ ERS ERD foe SZ oe Se ears ay (O00) 0 re 5 ee 21 BLA BS. OAba teremauare Moet sts 32.53 +748.05..... VER t he Ta =e BANS 
as Eg I EE ae ODA Me ALE pe oie ge AU EOE terete ie no Sees sso ena Pons ote. A800) 1p DO’ LBW on evap see Pixies 
eS RUT a Soo Cole ect i On we et bow cantg ee 29. B1 ein ZOD anieeee tte 30.41 + j44.63......7 Pravelnete 86.8 +7 81.7 
Viele Calculated, Ig =............60.1 coh Saree 35.7 Es es eee ee ee a ee eon ey ae 43.9 
ste ae 7 . 5 42-38-32 
ss 19.38 + j 50.67 


21.2 +/755.3 


el 2203-7 42. OO 10.41 - 
$012. 81 xij AS! Se ee eet 
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TABLE B-3—TEST DATA 
Pennsylvania Power & Light Co. 
Wallenpaupack— Siegfried, 220-Kv. Line 
Tests Made Before Ground Wire Installed 


Test Resistence Reactive Ground wire Line ground wire 
No. Total volts component component Total amperes Ground amperes amperes amperes Aux. wire volts 
E R x if Ig Io Tat Et 

1 OU Lacan ees nly fa Dee ee A 9598 5 secre daispeneetts 100. AAscoe te LOO: 6 ovate te ee aioe a eee te Ee ee 4,318 

2 CODD titrate tS BG2. Gree ee CHG Haters ae te LOO aaem ee pt 0 nee A MP idea Oiurt c Mocictae 4,339 

CUM snes a psc a silese 6,010. ta sete LlOM eee. steers 5906s arse Pasir: ECD NE ps Ane eee LOO hc wis crave dis, > situueeensee eS eae ease ee ee ae 

Char cn a ae ae A Fs OSO ire Arere hecage 1,269:,)... omen TDS OG va. ous alslee LOO As Bet east B52) a; heck A Bi cide acy wed to Remo oe 2,375 

5 Vs OOSr is ieeecs ale axe T0864 «cameras G,948. ke .cthk seas LOO sotpe coer 38 lah eran Bie Dir ous, ovate ve tem statetehers atOReEae ee Sree ianeue 

DAMM ee vere clic ie 505220 siert b oiaue BOS cemocnren A OT Oise ercatceene sas LOO ei aes Bai diustene eee AA Cairo d Be ad sober eee TR 

Or oi ee 10; 82035) sn 1,620. 10; 7008. ceseeene nts (0 een Greer Godel ina sien ot ciety uod Shores Ak 


tet a aye, een rierele eli hei iathn ode ant cic ee: Kaaba oengie A cc Chie onare ooh oor 00:2 Roe: «ick AZO tes assure Sis ORAS Atlets. © c stree ene eee ean 3,442 
75 HAN ea 6,143 Ue DAA Ginnie s cae C040 ere ee ae PL OO oh corres tel Unite an macieh et BSL Rants cid era late ores eer men teas 3,440 
SE Conti tio Gd hog ee OOIG Dy 2d Onreretetaeee are CE EIbac abd 6 dbc c (Boo anes b6 oc ANU Meine Poca arc cH RS aio obo aS aK 1S emt Pe cio hint Sous icine enor 
CN Trio cue) oC ORAS EMD Vj 4OB: Nongchel iret 1 BAER eo ciation Alp Lap 1 BOO\; Asrctcverct tetare NOOR eerie ste axes 25.1 Bona hters aycery rena OO eenrne teen satel 2,027 
5 GRio8 2 owt o ayes c OG T ar .c siete she Gi 752) os eels LOO Srrarsi ances te PP deal mesa ceo 8 beta 5 cies Sun ee eter LY fer Ret Ott ee sate 1 
LSB acc OOO GRRE cP MAUS ao A ticnety oto 800) iecen atte: 4 COO sraerete te ine LOO Weenie SL EO ee eects BGs Tissues sata OD GA oareiren sirerede emai . 

Wola cco ties Gee 10,620 UCR PIS cote welo 5 LOLA SO eno Meneses Ut Ronee ime ein cee Pasta oh ao bicn aiuaan Geant 


TABLE B-4—TEST DATA 
Pennsylvania Power & Light Co. 
Wallenpaupack—Tower 19-5-220 Kv. 
Tests Made Before Ground Wire Installed 


Test Resistance Reactive Ground wire Line ground wire 
No. Total volts component component Total amperes Ground amperes amperes amperes Aux. wire volts 
E R x 16 Ig Io Tt E 

b Once Seta or Sena Bi hes oie wis are ER 81055: aociegoat hate eel oe akan. LOO wshegutear: LOO: - vo ianaree tess ob Ra obeke sieeve ap See er anes Ie eae 7,745 

Se A Gee aed e iWe thors’ orig CRE cH Phen ENS is CD28 E chee Ree oihaiecs Sheets LOO: cee sss LOO. adeded.dotoc Ae Ss Ore i os eee eee ee 7,687 
Bint Niner etehes eee ot 2 0 By eR ey ot PS SQ Bitis tape PRM NCR ee Be eee Lene 100... te ee LOO os icera Geena aha fea pres ale ena ns, es NORTE Ie oC Onan tS ea 

Bore fetuses fart ,cgs BORA clues ents (iad Poet ees oe BOBO) oP seis pete heer NOG sre ees ace 18.4 TE a ene aor ios. 6G techie h sires HG 1,457 

Diteietais cioata eriale S, loracre PBUG wis tater SOB TS om al iipace DQG rico a vests scares LOO ss. teens OG a. dept 95). Qithinaede tte eee oh eae cette oes tee 

La ar Oe re tc BOE QS Be ilafeaie cists (ist eee Pie ha. citavavecniststens 100 5 ae narvn as 1S .8 secs ees 23-6 Da Bip law a eyccas closes eek ee oc ace eas teens onetesreays 

Gatien is 2 ,crs pie ee ees eb LOD 6 a cciveon-sinne SAB cvaehyeee ars BOBS fo ccarens Tekaueg BOO x, ssc sBgic dim tes Sieve Soh ey ye tente -eageeattal Ta pe ake oe Sule siecle Ree ie ee eae 


AD Aetehesisaner=: oy eite aes etoe 2 UV) es ao age ate 4722. ase ae POC En 5 acre aaa LOO seiieeaee oe BD gh BO Gay ha Se Ears BS) ria scgresed tone woe ee ene ele 

NR rms f) Ae heir: Mel 3 WB 2O yoo: -< senig Gee B04 (ic seen « ta Oa ciatic 5 TOO TREES sats BD Dia ystOe s/sral BF Bicave wes aig Sate oo he etal aE Baia 
Sidantionne pt ogat elds 5 OTD. chen SOON cla eig eae VALUES ees a ets ao,c 6 LOO. cham bes Bid URW eee tern. ete D Tes Di Kaya Oke vo tare eee ian here ter eee Pian. 
A os orereyereraans ete Sea reaES 1,933) her. trie AAS Seiten Mrsketoie BS oo oneal s,s LOOM. feo Meeps 30.9 Wao ae GN rsa Foes 4 PLING HA Adios a ae 1,967 
LS n Mey Ste ciclo LS (Breasts. =. TAURI dios tie oes SAD neve crs ie ole LOO Rewer eres Be i iol eens (ore ee ae BRIE tye etc. ol hae 42: 8 icin eae eae 
BAL orishas akin eee PLO GK scesscoozaeye PU Uot cher scien DLO 0s Gres acs hate LOO Saaeeee seer SOO Siena te ete Cree Ieee aes idiots ZOAS Teier.1e ore ee ene 
(FMR COT a oe betrie Cee Sd OZ matters Ne ch Sec ee asa 3 O64 arnt arcane i [0 Inn One OU tote ee OO ES Oebica.. edb oUn vero ono kA Ga 84 


TABLE B-5—TEST DATA 
Appalachian Electric Power Company 
Turner—Logan 132-Kv. Line 
Tests Made Before Ground Wire Installed 


Resistance Reactive 
Test Total volts component amperes Total amperes Ground current Ground wire Aux. volts 
No. E R x v4 Ig Io Et 
I rine Snr oe aa BEADED steak a abaoe te PSS0rt. Ft faccmaks (5, 790%5;. nee Ryerss tere LOO suas iciaeeroer LOO: Nas ee hved 522%. cena tage Mioesusedictoe rae 2,461 
De te tnla toa ma icte ae BADD see tis tals oucks BS dno Se Acree 4.06055. een ans. LOO a ies ahavetacue ave LOO? “Sercatrc tied operas ora ae ae es 2,473 
SP to isi ee HN ane Va Enters OOS Firen isa cu lenses GO Tine. tee ae BDA GiGi icon, ark heii LOO use Sone 100 ces nese cee vee ae 
fn ie a a Rid a PUA er eikeek viens. © aT A ore occinemy eet ATA). 3 ee tuner LOOR Gactsitil® oa ieconee 5S), ) teretee itt AS Di Ser oe aca 1,435 
PRA eIcCeora, Chae BRO wae ee mh cas 3 L BOS » As teen cant AS 2S cee si cles wees LOO. Seta tven ak wierete 40 58 [Sheet eee BS 2c dato ote 
to, Cage ae Se SILOS ci ooo BT LBP leis thccctera: BUY ir fee Ef ReRS LOO aecyssks pont chore BSB taker dios ‘Bil, Bis Baars wane, Grebe 
CY Pen eR eee TOU oe ee: DO tee eer het eke no: CG. GSO"R isk victetas 5 DOO. ois, Seaver SRM ale Oars = Sm ale alsin eke tread GiGi tage, hee 


ee isetsis 2 eee SABO hsm ee E408 Fak sree, ct eLela Ps CS ERE Cu os LOE A ease terclentse- BOG es Ree eee ETA Sida et adcosiers i 1,646 
Be athens RR TV ELAEME TAT Meee TS SECM irs ae, oyu CEP Lay hfe cathe ratte OE LOOM pretyys wanx pists GO ne oun smeteae ties CARS Pe Ree eee 1,652 
Sawa es « Seicitks CAE sare Raed aie UD Yr aster ate Ginn ted Pt CDA I ES Ce ROE IS LOO i rteteuua ae bin ss OQ). sseraceenreeretcs, Grow attrutaetars shin Sra 
4S Peaks - Kee isaes AOG2 Glynn elena MBO Sep Aa sigercers oC PIA ER eg (I TANG ZOO PGs 292-5 18.52% 4009 ., $A ay 63 OTD t sbie Aatte ss teks 1,171 
BD iiahoks sey Bees cae 4,425 faba. ered Be hag Maal ai arone sf 4,230) cistiatia sagas aha 1 ee) ig era SO a gar ty AR Lif 4 Say ate Pips tees ree : 
: DEE yarns. CO. = (ar Pros a hennionen eee EOD > Bere etna. + a VLU: Minar Pane Creag ON i Tae Corti ropsesy Sieg 40 DB Sis eran ag oe BOWS cst 2 caterer shed ots) 
es Oe ee eee WgO30!,. . gst weeeeky ZAPU,» eeeged » Anpers 3 COT Rw h aaa ens: oie LOGS Spee eh ALI. Py SAEs, eels es eave. SaaS Ate at ae ReaD 
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TABLE B-6—TEST DATA 


Alabama Power Co. 110 Kv. 
Martin Dam—North Auburn | 

‘Test Resistance Reactive Ground wire 

No. Total volts | component — component Total amperes Ground amperes amperes Aux, wire volts 
E ( R x jf Ig To Et 
1 3,567 IES 5 38 eee 5, SOO es eater aie ais LOOs Mintan te teetes a OO es At ccrevaag weve rtehaatenel hele a chayaiceistons 
2 ALANS ae tear scton sc fee (os OBO recs cstitnre carats DOL T Dis auncanchy are oe 100 Cee ec cece BN OO) ieee teers Sesar vais Cobley aie ers esa Sie shore fataneae 
3 2 ODOM ie eats te Perr G28 te eae ce ne ot BAe Aturs cesta reny. rer LOO essnewet hese tote. OLDE Sia, GP SORE ere cee ans 5 IGRI erento 
4 SUIGS Se ks AAs « DW OB tetece, tas srereysh¢ D O87 a de sat Sekerivieas LOO srarace = sere eitaners Boa Lead aoe Bo aane neh es Ae 
5 De SER eleteto tiles octane (oS § eerarioaen ther PAB GH nee Ae rad ODES tre. sere a ata CY oh RS ee ree CURD An cae nie ee ee 
1S es ee an ede OE acdero eke a8 fas OOS org Faking Oe th S 2B ixceanie ese oer LOO. eek ce aaa OS 4 ean culeincrens REN LG yc anlariadel.< sce Satay tei 
Ger GeO a DD OR Oe | MOST er oe MOG ahyehai tee 4 BS2S cc eetaeiecie LOO ners ee Rte he orice ce te cer ope oe eR RRs ete in sinlos ech aud 
: North Auburn—State Line 
RR res, nee certo ego re eeeee V5 :A 98 wale eee hee ata t oe Sivntins LOOM ars 2 ote Seas LOO! Perera cheer. agen se lien ss BR 
2. (GE AST O TRO Ae ee EES TR ae 15 3G sieve. s aeoripais SAM. g o4 Oe Seuss SA LOO a coste. hace ews LOOP See ae eastern AO ORO olanOaee & I ee 
130 n Bn abort gy Mai ronc nile MNCL CLO ae ae MR VSSON eres ust one eey eect steers ce VO a. cates heen: UO Ue racic aac enCratetnis Cad eC n OIRO Oo to] 
4.. GiB9O teat cet 2 AVS Ve ristics aka ee 6,132 LOD Beers. Sesto oh SL Gf sya erecta SOD Mee mic tiekke ent pos ia ’ 
5 CoRPSY (tio ate can BOE NES: Ee eR ae a BLO 24 oe scastecrerte ok UN 2 aes er LL so ee ae Te wee OZ Sia at wkd bibarekothet 
5A ASSGie ata haces 1 OSes occ PABA Ros ie bit eis ¢ Rite LOO nde ree iro PE er Wate By CSRs BOS icctactota aekect sheen saete ake 
(Erie MS25 ie eerste 6: GOD re koe ck are eee LOO e ra ers eee iclos e en pe, of EM pr pet cars, hr seater te fies 
: North Auburn—Newnan (with ground wire) 
~ Ry atcia ie eustaveoayttaste A 12,130 DABS rarctee: ade onan TE S880 calcein aee NOD cle cece eee DD Pas, 8 tecwots haa ose GIS e aL eL ais ok Sa rakes Te 

; 2 St ar te RAE OEE SI LAPD BSR OI mtr kei BIST iid ehertok. SB OBOFSGAe options LOO See te see LOO Se io eet ee etleaie ee Gens ere Sas 
Seis SATO ar. even Birla DAT: i itslansaaet anche ~+-83,20.. LOO rte te eee LOO ene eu he Pe eA ee CANE ate Re dile Se eee Sheae ie 
4.. a 8,936 D220 src ecre g.30) or eiere 8,650 age cea Cou See LOG. Sy os, ick Snes acters OT as0 eave eeahecenevaneie DLO eee a kere iva nsrs 3,070 
Dae ee TAO: WEN te 38 RAP N065 ths ha WRCOO MINE sk Cerca: 100 See Peale Shes tad ee COB Ren eee 
ib ACen Sapo an USagene ORs ors LY Eee arene Oe BAT SOc at Nhe LOG ganar seers ome COL er ok ee. Py) Ae cornet cme mae 

Sassen MISO 8.081 apace Ca rN GA Ph ah tt a LOO GE oe Care ee SER TO NE ees een MOE ne ee 


Oct. 1926. With some modification the peer eeOn 
developed by Carson is — . = 
AZ = fot fo ty 
Z OR stat impedance of circuit 
T» = resistance of conductor 
a Ly = reactance of conductor 
Z, = impedance of ground return. — 


4h } - 
0.2794 log ee + 0.0303 ohms per mi.—natural 


logs ae (14) 
The impedance of the earth Z,, depends upon a 
qualtity ¢, which for 60 cycles is defined as 


Gi A106 WAAR lem | aa5(i5) 
Hotes ihe i rpeie Wee . 2h = distance from conductor to its image 
The reactance of the conductor x, is calculated as 


e if the return conductor was below the surface of the Gao diameter of conductor 


ground a distance equal to the height of the conductor, 
i other w ords it is the one way reactance of the con- 
— ductor with i image return. 


Consumers Power Co. 140 Ky. 


A a LP.  -Data Summary ny 
Yo Saginaw—Flint 
Not Tests Made Before Ground Wire Installed 
; Volts 


_Amperes Re Xone 


. 16.32. ..60.20.. .62.40 
9.92), , 41.65. . 42.80 
35 ‘ee SIEN/ 


A = conductivity of the earth. 


for any value of ¢ the corresponding value of Z, for 
60 cycles is given by 

: Z, = 0.248 (P +7 Q) (16) 
and the values of P and Q in ohms per mi. are obtained 
from Table C-1. 

In Table C-1 are given pais of the earth resistance 
Pe in ohms per mi. and the earth reactance “Q” in 
ohms per mi. as a function of the quantity ¢ and the 


angle 6. These values were caleulated by W. 


J alan. agen ee 


a 


ae Fe ee. Pe 


. 
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TABLE B-8—LINE DATA 

BROH GORE: cds athe aie Pennsylvania Pr. & Appalachian Elec. 

Datine sie coterie Pr." OOsshe a. wee Alabama Pr. Co...... Consumers Pr. Co. 
Line tested.......... Wallenpaupack- Martin Dam-North No. Auburn State 

Stegiried 2... 3... ec Turner-Logan....... AULT ATT eye eropareia aires BANG sset. cree onto tenses State Line-Newnan. . Saginaw-Flint 
Voltage rating....... ZA Ve een ae oe BQ BEV ven: ae creme tele Cie LO GW tice taht fa teens LO UeVircsecn ct te erenres PO TGW is ne steet eee 140 kv 
Bt, ME «ic sway a COR NEL 5 eal aroipniereretarels y: 9 OA reer ey soe 26 Oe ers rett aoe one AOS Ana ere sero ns, Cee wi baaers C1 Uae ae Ans able 43.25 
Conductor 
“S10(2)., Sa meee hoe ACSR- ACSR- ACSR- ACSR- ACSR- 

795,000 cir. mil.... 336,4008.......... 397,500 cir. mil.... 397,500 cir. mil.... 397,500 cir. mil... .Copper 3/0 
Arrangement........ ELorizonital tea. ere CHUCULD AVN etierteh rae Horizontals sy. .ctsriee Horizontale. nc cause Horizontal iy ae oe oe 2 circuit V 
Roepe TON LU ciel csetsnste firs eentic fee eens eee tenene Pst) a rnin rea rae a tatatin oA ion eo a ARNO Ao oar adic mao waa e 16 approx. 
Spacme, ttc at 24°04 ck Paes Sos aS eee Vi-He ean oes ils phernck pets Sic. VE Gls Be teres ge Sipe) cath 12,04-V 
mverace height, fbi a..O0\Wsicisige ers tale cedars ere SO ba aaaaen ne eine BS sDiscre mys: Aiea ep aus cs ee ee eee are AA Of eee 38.971 
Ground wire 
DNENDEL . 5.5 ike dss se RY Sey Rc A De hee he eee OE ee eee IN OS 6 MONG? Aiea eee 1 
SAG er cis ctetQiclcucaciavente ACSR- ACSR- 

184,000 civ; mil... 177,000/cingJmiley, -ACSE 1/0 cc cteneense BOSR ‘LAO sclera 6 ars dacs tates oben earn te Copperweld 3/8 
Diameter........... 0.707 
Spacing, fC. oo, 0. Sea Mok sO4s « s,s. % vratare eietale Gaanel ete shes siesttie Iasi Tt Let eho e tans tk: Sine rn PALS rare Seeitar Sra nat me 5 cee Puce D.Curer Crock 
Average height, ft...365.15 0.2 uwn0cscnes Oe Bite monspiiases ae BID dots etane Mayo te eked Suton B25S oak Rew beets aren hy annie elects tere eens 74.59 


1. To bottom conductor. 

19.2 mi. from Wallenpaupack and 4.54 mi. from Siegfried. 
5.7 mi, ACSR-292,000 cir. mil. 

9.35 mi. at 14 ft. spacing and 43.1 ft. height. 

Insulated ground wires. 


or mh Ww bo 


M = 0,2794 Lei +MQ (18) 
M, = 0.248 (P +7 Q) (19) 
For the mutual impedance of the earth return M,, 
P and Q are obtained for the proper angle 6 and a value 
of @ calculated from the expression 
7 b = 2098 R/r (20) 
In order to apply this method it is necessary to have 
some idea of the values of the conductivity of the earth 
since that is the final variable. In Table C-2 the few 
values of the earth conductivity \ as determined from 
the tests of this paper are given together with many 


* 


TABLE B-9 


Appalachian Electric Power Company 
Turner-Logan 132-Kyv. Line 
Comparison of Current in Ground Wire at Middle and 
End of Line 


Ground wire current 


Test No Middle End 
MS esse hieweders thereaes Bl widicsacoharate Reetieaye 41.3 
Ste icyaieteiel clare Mane oS BOLD... ea SSE Shee 41.8 
Sb elas laisse ae gos EA SH te astra ciate e wee 62.2 
init clever oi ale¥iay ooh: eames DS Oe werent eRe 56.3 
ARRAS SATR Ns. 19 SONG Tae Boe 81.7 


more values obtained from other sources. The values 
given apply to specific tests and specific regions but can 
be used to estimate the value of \ to be used for other 
places. The striking thing about these data is the wide 
variation in 2) for a relatively small variation in ohms 
per mile impedance. 

Fortunately it is not necessary to know X with any 
great degree of accuracy to determine the impedance 
of a transmission line with earth return within a 
reasonable degree of accuracy. An error of 1,000 per 
cent (10-1) in the value of ) will give about 30 per cent 
error in the earth reactance, which reduces to about 18 


per cent error in the reactance of the circuit of conduc- 
tor with ground return. The relative error dwindles 
further when the line reactance is in series with trans- 
former and generator reactance. 

In Table C-3 is given calculated values of earth re- 
actance and resistance of the earth return path at 60 
cycles. These values are shown in the curves in Figs. 
C-2 and C-8. These curves cover the range of earth 
conductivity well beyond that found in tests as indi- 
cated by Table C-2. To use the curve it is necessary 
to select the most probable value of earth conductivity 


Fig. C-1 


for the line in question and then read off the unit values 
r, and x, for the proper value of average height of line. 
Example. As an illustration of the application of 
the method calculations will be made on the 25-cycle 
220-kv. line recently installed in Ontario. This line is 
230 miles long, two circuit with 150 ft. separation, 
horizontally arranged conductors, and has two ground 
wires. The conductor is 795,000 cir. mils A. C.S. R. 


4.. The 220,000-Volt System of the Hydro-Electric Power 
Commission of Ontario, E. T. J. Brandon, A. I. E. E. Trans., Oct. 


1930. 
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and the ground wire is the same as the steel core of this 
cable. The height of the conductor at the tower is 
60 ft. and the sag is 36 ft. The conductor spacing is 
25 ft. 3 in. and the ground wires are 13 ft. 4 in. above 
and spaced 26 ft.6in. In the calculations the average 
height of the condu ictor will be taken as 38 ft. 


writer that the conductivity of the earth is poor and 
accordingly it will be taken as 1X 10-“. 

In Fig. C-4 the line and dimensions are indicated. 
In some of the calculations the three conductors and 


_ the two ground wires of each circuit are grouped to- 


gether and considered as a single conductor in effect. 
Fig. C-5 shows the equivalent circuit. When this is 
done the self impedance of the equivalent conductor is 
the impedance of three line, or two ground, conductors 
in parallel; ‘the mutual impedance is unchanged except 
that it is based upon the logarithmic average of the 
spacings. 


ais Auxiliary Quantities 


The ordinary impedance between the line wires, be- 


REACTANCE OF TRANSMISSION LINES WITH GROUND RETURN 


It ap- 
pears from the meager information available to the — 
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tween ground wires, and between line wires and ground 
wires is needed. By the customary unease there are 
found to be, for 230 mi. of line 


Ln = 0453+ 7 15833 
Zoo = 1820 +)5179.6 | All wires in same circuit 
Fe O87 16h 22 
Zu! = 54.3 +5194:3 
fis = 1820 +7219.8 | Between circuits 
xe O87 Wea 1 206.6 
By test 
Sei G28 137 158, 1 


The difference in resistance between test and calcula- 
tions indicates that there is some extraneous resistance 
somewhere. This extra resistance should also appear 
in the other measurements. However, in the cal- 
culations which follow no allowance for this extraneous 
resistance nor for the resistance to ground at the end 
points has been made. In actual practise an allowance 
should be made for these factors as indicated by experi- 


ence or definite knowledge of the conditions. 


2. Impedance:—One Conductor—Ground Return 


TABLE C-1—VALUES OF P AND Q FOR CARSON’S FORMULA 


P : Q 
cage 6 =0°. a 20 9. Se BE OW 6 = 60°. ® Ore, @: =i3D8_4 dom ieae 9 = 60° 
0.00010....... 0.39268...... 0.39268....... 0.39268....... 0.39269........ ONS 28 Bees. | A OUSEI Bee, Aes 26s Lo cere 4.9131 
0.00011.......67 NA ice ae ee a Basen nee echt A: Banh Gee tne DSOGE 2h eth. 4.8655 
5.000120... ... 67 hha 6a Mtg as 1 S260 ae core 4 BR20% Ae | 4.,82205.....-.. 4.8220 4.8219 | 
OLGRO ISH. eee aT added. vie eee coat 68 es 278808 Bcc 4.7820 Be. 2 20 4.782008. 7.5 5 4.7820 
GLOODLN. eG TaSe Goan 67 ..68 66. gente te ANG Al meg e 4 PAO ey. os TAT ie alee 4.7449 
0.00015.......66 2. Ta ee me BT eae. Gare eg, ert Ar LOt he vactk. Pay eee rye eee 4.7104 
0.00016.......66 ae 67 ee ear We on Pgs, 4.67888, oes “6782000. MNGTED igo 4.6782 
0.00018.......66 a ne, Ait ke fol Serene Ge. £6193. 4. 6198) ai. oe cn A698 Ss 4.6193 
$ON0G020 Ra OEE anh ae ie 66 ; ae oe eae eee ee en yee oe AREER. Leino 4.5666 
0.00025... 65 66 Sas: re et a Auaeeiged: oe. A AG ROMSE a oe AGED ae 4.4550 
0.00030. . eS eS ee a 65 ODh ake 66. chibee Aloe 2 S680 os ee eae 458689. 30... . 4.3639 
0.0004 . ‘61 NED aetatSs Gumi tian 65 SSO Ba ei Ado 0d Wena G Ga0 Seger. 4.2200 
EOE Fe. BE va ete stoic 60 C462 abhi ues. 64 rer eee 4, OSG ee ce AVNER Mote. ok 4.1085 


DiS O25O era. 
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TABLE C-1—VALUES OF P AND Q FOR CARSON'S FORMULA—Continued 
P Q 
(<7) 6 =0° ¢ = 30° 6 = 45° 6 = 60° 6 = 0° @ = 30° @ = 45° @ = 60° 
ROTO Eg 2 os ee O3908825..;. < O.39068 3504... : QO: 3903 5 esr ONS OUST crercecers SOL ZO eco cig Fes § PEO VQAC res viet yarns 2 OL ZS scien 2.6117 
16 9 eae 0.39015 ...... i ee me rte SS Ha 0.39088. . 25). .3 SO? er ate 2 CODD ath ores 2 OOO L aeeme te at 25 BOAT jute: made 2.5642 
OLOL2) ees 0.38992...... ZO. | 7 aa caoneenes TL oes Dee. Are evens Zio aat si aieievenseuters PRB EVA Se, ae une 2. B21 we aces 2.5207 
DO EOTS 6. peas TO 2g) Sa ear 0): 39008 stecrek pen a) an eee fe tee hateony.ciri DAB 2A i aaarchers 2 A820 ert fe 2} DELS eee oe 2.4809 
(UCCn 8: Se Pe ee ATi 9 Fy itee ae OSSS989 2G tes OS, Fn anes OO SOTO2) Br ee pee: a oe cy ee See Di A452. i eepcksete 2 ASAT od eet hote 2.4440 
OSORe . cision yeh Lae GS. eee ae VY Uy Peete C7) fc OVS908O. serie Di UA Se i cckstenene es 2). 4109 eae 2 MALOB Eh She shetta Sao 2.4096 
OL01G6e uaevas.5 OO S8008 fess BON” Wiese veloc O/}-39004 Fite cae i Ses DST Ula ze wie era sis 2 Bil BSiets, aye tal ion 2 3182 evan 2.3775 
CUTE De i Bae pte O° S880 7 nner ee O.-SS9tO. 3s. one O. S892 54 ee a 2 S2095%, cee os oe AES > US Te pare BUS 1 90S. a rac 2.3188 
OBO2O IT a. arave 038812)... OlSSB TO e aa O88939).. 09) O3390 20 Fs ae ee 22687 seus elects 222681. peenresee Bi 26735..eiabei te 2.2664 
OL OSE: sees tas O.S8 704; nice: OsSS77254 ete OLVSSS856 = oot ine 0.38969 207 cc 2 QUIbSSae te eee DLE 4 Dioen oes ister 2 L666 8c. 2.1554 
Oi SO) bode ran cote O2S859" Fo yeere O<S868) Sc oe OT387% “Se niees OVS89) Teac 2 \OBS8S xc stars eects ZI06%Si55 ae ees 2). 06625): scene 2.0648 
O04 Mest neces 32 EG Arsrawed’ (3 eT TS Tic Ge oh raters WOLS een ora 19268 nnwscoususcce 1 O255) wick oe I O24 xe areca 1.9222 
OS 08%) cia. OSs Sos s.cs 20) oe WS a one AG | © a ntards: 66: ) Oren PTBLT De tee Le: SEBO see oo. cece LS Sia leer eee 1.8118 
SOC ee treniciatn 0.37905: Fin8.s 0.3910 marin DO om ree i atgsaeeny Ay  Sipne ae ota Mk 286A es Lat 268k homes BSP QZAT mae yspertesare 1.7218 
0.07 i eee Sa 4 ee OS STO) a tana O-S8LSi ee rani AL Senate PiGS39 Rs. ten I (GOLSi. See 1 O40S 5 ent ten 1.6460 
OSs erste D4 7 Fikes aietes Compare 7 Re aa ONS TOT actrees DD) + Sates 1 pBS94 sy eye. kee Ls S870 eens. 5 il 25842. Silas sie 1.5804 
OOO Ft oo rects Sos Js Schince SRO ake ye Si ey Sana aeeo 1G, Sa ee LBS 20sec 1 S301). Oo cae e it .b269 5. Fo eee 1.5228 
OSLO TD he siete. Orstads, we. OSSTST see ee OF 3765" sete O53803. «oats PVAS24 Senet PATIOS oo orcrs cole Re ATSO anaes 1.4713 
OAD Oy wercvagace OPS695: sercens VO Se et tes orcs BO ei io casicenven OSS 7 OL. Neate LAST Oise, siere foretees PY A338... 00 ust 54299 wld iw ate 5 1.4249 
O42) 9 ea ae COR OR ee arcs OsS7O2F es. 5 sant SA MO ee aheties 7 - Me cs ie A fe. sy hee os 1.3922). Sore tT S8Sl oom ek « 1.3826 
OVI) pac Stes Bite, Vo arenes OVSER8D) s5ak Si 1S. oo a aces. 65 a cers P8579 eae L BEALS, Specks be SAG siege wee 1.3438 
Oe Te Tie ho ake BO ne ovayeranthde Gian Ye ctctns On Si OS Ari cee BR eee ems Lig2aL-wetnse ae LCSLOL ota He PS 14S ee ae 1.3080 
OlLSw sseveciebus 20) Lea ot orcs: Olea, eye Cece OLS6S8i00e. bioes AQ Sy Gaara: ened 1. 2008 one eters ate D Q866ir kes erie 1 2815 5n sere 1.2747 
OTLG fa chevetes O58602 cence aah pee ee acters Coen ethers Da tee i aa: een ee 12608 2% 5%. /aae D 2OGSis cas eaters Di 2509 nsec wacece 1.2437 
WSS Rae cee O23566 Geek os O<3600) erences AD! pg SS eae OFS TOL 7. ie. 12063 ct. nae tS 2O0US Saat aes LQlOSS:. Se sess es 1.1873 
O.20" © eacades OVSbS 1 Gees. ORS 56% 2c. oe OnSO2 Se. wee OF S673 eee oe PROS ee ae eas PLO 26 es cee beg): 549 BS cog oi haa bs rq) 
O25. 8 ceceostos OQ 3448.) ene OF3488" 2 8 0.3539 . 0... as OSBC12) 2 tena LOST 2inw om pene oe 1,;05060 Sone ae un 1.0426... 02m... 1.0319 
(O:. 308 Weir. vas O.33S68e eee OS EUB ote wake ON3468) 722 0.3548 G64 cue 0:9766' 25.2 shes 0), 9690 oF bor wars O.9597e% cance 0.9472 
OC AO Tres te DUS 22S eee ans ORS2O Perera Os8332 hi Racca Os 42 aie an 0. 8bS 4010s cath 10; S439 7 his) 7 ouens OF8323 5,7 ct hatter 0.8163 
OS50 ms sarin vias OFS089 ee. ae OF SISO cs socio aus 0.3204 sirens 0.3300" 7 eee, On. TELE Ronee On 7506 Hee sae OVTS69 Nag wean 0.7180 
OOU Re tara ran O. 2967 tonne. OZ30UG Ma oo. ue Or B082)i sects OLSLSO ieee ae ORC S904 “oie ORB TiS ee eee O::6608 25 eis am 0.6402 
Otte Bate sc 052854 oes O- 2908 wien cis ON296 7s pecmiiet 0.3065. 2 esac OOST2h Te, oe OVGITZG. eee 0.6006). 3.0 fz canes 0.5766 
DiiBO Ne Sel oeccas O. 2FBO! Ae see OF2IS 7, F5.4c 0) 2858 Cyeetentic 02953 “aera ON5825%.7 Siero ODO 79E rade 0 ;.54904.2 8. ca: 0.5235 
ORSON vicinus OL26545 one OP269 7) ccna ORZ7 55. ee sree ON 2846) «tecture OD4TOC. oe ee O:S2550 eae. cess 0%. 5060. 2. eo 0.4782 
L007 5 Bsc. s O22568 sce 0.2604 "55 Sth OL2658 i itis car O27 42 eearatay : ‘0 50525 Fastener OT4890 a baa 0 4685.6 Sora 0.4392 
MS PS, eee 1) 72480! 8 eee OV2Z5LG6 5 ia cere OR 2Z5CSy Mikes si acne 0.2644" Feet at Os4040. eos OV45 7255 Fate ne OL 4358 )2eie eee 0.4051 
LO die! erie icici O2 B40) Sisters O; 2433 Vanes ON2ATS: Foren O. 2548 sama ars O ASG Di ior. ceca e 0.4299 5 notes O 4070S Fe ee 0.3752 
bd Wh st. oe On 2E27a2 aie O'72355 Wein eee OO, 2894) oe ces O, 2458 es ema ene s 0.4200) Aen bX 0, 4042 oes a O. 3815.8 le: xe 0.3487 
Ee de a Cee oe OsZ2a ieee OFZZS20 er orien Derstilsy a5 Gis tone O< 23.70) oe bats ON4Z0008 ahs een OSBSIG. ore woe OnS5 Sites crate 0.3251 
SA ae eee 0. 2564 5 asa. O; 26049 aya. O. 2658" aah sia OV 2742) whens: 0: B05 25.7 wetres..0% 0::4890..5 oo ares O. 4685221 oes 0.4392 
Woe! Nes |) eee eee ODES: eins Os 25 0G Oe eee O;25658~ ee 0.2644 OcAT4O has ook OC4ST2 seen at 0.4358... Peon. 0.4051 
Pe Brats tie, oe OO. 2401 sas. 0224335. ees ORZETS Sha sete O (2548) 3 Faces 0.4465......6.. O. 42928 ct aonee t O-4070 ote ere 0.3752 
ice: WAP tiiicnara.tre 220 oe an ers OF2305" sence O 28948 va «neers ONZ4 58s ev te OA QZO in creeh tater 0), ,4042)..5) 0h vee 5 O SBS eeasiney 0.3487 
Ni eA Raspes OSES cose OF228 26 Fi coe OeZS ES nt ates Be2370" .. ae ase ares O; A000 und or ae OVSSTO eee O/S587Bitescien 0.3251 
SS | Adaica! Spas O23192 Bins 5 GO. 2102 aes 022240" 2 at DS ee hoy oe ae ars O SSOZ Sy tite.acis CH Wes ih te oe eee a ge OUSS82 oho sian - 0.3040 
SGD aide sere ON2TSOs eee OC 2IAG ee pee 0. 2169 PL. Sees Os 2207 8 waco evan 0362355 stat OFS43 7 ths eee: OESLOS:. ee ee 0.2849 
ESP AD, Sion thesia O22015 ose O° 2024 eae. oa O 20865 Fines da ON 2ZO58 retain. OBSOO sk reyeace.e 2 OLBL2Z1 oes ae ON2878 eer 0.2522 
Oe e's 6 oss Cie CoS eae OTST ero tac 0). A9TGe wen see O2 19822) ct OF 3045.5 ie oo axes 0: 2856:..5 0% Ua Peo DAR i oi enone cae 0.2251 
i OUIGOE asc OULGRI a.m. vo Os WG Gite en ae ees OF L631 Aeaatease OS2536. ne ee mane OZ2348 coho ea OSZUOG = Sher Precne: 0.1749 
EO Were Sass, s OLE 2 ies erekeas: Lyrae? SUES ae OnLSoSee a cee OL 1400 Marcraaner OC 2LCE 2s vince @): LOBE. screen DO LTA ee or inks 0.1411 
OD Riess anes OT 260! Kee const De PON iia. biden OL LISS Res ake OD; OGG | Cae shavaees OS1GTSe omens OO” L514. erates 0 303.482 semen: 0.1000 
P20 ORs eet OPO T De krars:-  > OPO Zomme. s als’ O: OOS Baer ve ae OO8S39 cial ciate O..1364.2 5 enor - 0. 128i eek O} LOSS: std aay ss 0.0763 
ell te ML Ranke ames O 0986) fie s.c- OO Rep) sin. O O809 Reet. OWOB DT y varate meee OoLLAaS cst sah O 1019) een 0: 0854 b..8 ek 0.0623 
7.0 : Ol08ZS) eee < C8, Fi oe re 0.0699 .f.c5%. OROSS7 acc crree O2OOSL i cist.cerk 00874. 34. 2Aa se OsO728 Ses reer. 0.0526 
KOM” Fo: ds OO74 2 Ri an.. O06 8s oe... . > 0: O62 5Rira... tee ONO5O7) Titties OROST Le Rik aes Os 07652 sere aes O50634.. 0.2 hear 0.0456 
CURT) | ae oe O 10672 Saas Ov OGUS Fein... O..0549) Se ie.icet OO44 5c Series COR UPA OI ais Go thn O 068 iS. acsced OOS G2 tle ~ oar « 0.0403 
TO). OP ie re, Wes 0.061 sis D \O8620 aie. CO: OAD Se rermena . 0.0397 an OOF OO mratetrs ns cncs 0:06) 2G ea. 0.0505 Amu Saws 0.0361 
J=P+4+)Q. Z =J _ pvabohms per cm. 


To convert to practical ohms per mi., multiply by 5280 X 12 X 2.539954 X 10-° = 1.609315 x 10-4. 
For a 60-cycle wave. Z = 0.24268 (P + Q) ohms/mi. 


Data calculated from formulas given by John R. Carson, ‘‘Wave Propagation in Overhead Lines with Ground Return,” reprint B-219 of the Bell 
Telephone Laboratories, November, 1926. 
Data calculated by W. B. Jordan, April, 1930. 


4 . 7 “ 


sO) 307s 


‘September 1931 REACTANCE OF TRANSMISSION LINES WITH GROUND RETURN 911 


pT ABLE, C-27( DETERMINATION (OFA Let Z,,_, = Impedance single conductor (with image 
Recent pe WAG ate return); generator to fault, one way 
: : only. Calculated by the usual method 
s B 5 j . . 
System ¢ or wr location oe ine Earth o4 oS 5 using a spacing of 2 h. 
2 A) Sa ei age Reet (ei W409. ec 1.8 zs [3 
Consumers. nee ae le te ee dt. 0698 he tris OFS2TSS 42.7. : Zw-g HAN tad 89.3 
Appalachians: tien. Sel OTOL ck (Ok Asa eee 3:3 . oe 
Alabama. . OFO84 7 Ane Sear ONT24 rte ts 0.065 > For the impedance of the ground return (Z, re w) a 
aa ay it Be RN + Oe mane os anne aie 42 little consideration is needed because the line operates 
(GIGHSER alse Rene means ec ley saree staves lyeve Pritts eee ad et ~175 8 5 TPA c 5 ; 
LUCCRMSAAT Syl Ts Bs ane" vag ear ne ee 36 at 25 cycles while the curves in Fig. C-2 and C-3 are 
Cross Keys®.......... Re ee or enn da 33 for 60 cycles. The curves can be entered with an effec- 
Rie Ss Clan addiew xt tate sees setae cae = s Se ahs ths Pee cOOA0 Oat 
Va eiiityaCnicago creme oar nite Sicas muh cles pinaghes on oss Ree mene 9 
Bastern Texas........:. Pes x Be ov Be ce sass, Sh ies BP a Se 125 in 
AICTE ATT ATA aoe Shi, SH onesie eA em a arene a 55 ord 
Pont. —Maryland.../. 50.05.6054. 00s: ood 2 eee. 0.5 S Ne 
New Jersey.... ae ss Koop icone er Gatto Oc PE ONT ROL ONES 9 & 10 LIN Bay 
New JEFSOys ae eee ere ache ee es ae Fhe 30) ® ool NI ne 
enestebacee=ee 
0.8 L 
Se eiNic le! SOs is 
oo 7 LNT I mi 
(og OS =a 
oo ASS 
.c 
Eos- ALIN = Seo 
i. Visconsin . 5 Pin A pete eo CoO nk T OlGIAL coat RMD CCAS PO gen ; 8 04 Re fn ii 
Ten, set roe eee ee eae, canes oi NR Mat akensiiis arene da ws Sie ] 5 \ = [ aa 
0.3 B 
8 ah HIBenS 
9 
& i 
u 5 i se fom(ay i Be oe 
CaN oun fist tt aoe eee 100 8 2 PY 
EET SAY hls coo la needs > ery eat €0, P1000 X10 4 
— : = $ SPE ape fala Lah ele ele tele Ve tal 
1, Gilkeson and Hehe A. < E. E. Trans., Oct. 1930, p. 1375. fo) SRERUABEE ERRORS 
e 10 20 30 40 50 60 70 80 90 100 


2. E. P. Peck, Discussion A. I. E. E. TRANS., Oct. 1930, D. 1379. 


ei 3hs kB: King, Discussion, A. I. E. E. 
Values given are average of more than 30 nay anid the aoe is < miade 
that 5 per cent of the values of \ are in the eauee from 100 x 10-4, to 


Average height of line in feet 


Fig. C-2—Tuese Curves Give THE RHACTANCE OF THE 
Return Path THrovuecH THE Harts FOR DirFeRENT VALUES 
oF THE HartH CoNnpuUCcTIVITY. CALCULATIONS BASED ON | 


4L This and all the values following given through the courtesy of the 
Carsons ANALYSIS. 


joint D & R Committee sce by the A. T. & T. and NELA. 


TABLE C-3 


Values of Resistance and Reactance at 60 Cycles of Return Path through the Earth for Various Heights of 
Line Conductors and Earth Conpduceryita: 


r £ - ? ‘ d r 
: . 0.09529. a0). 


0. 44107. ae 


92... 0.09502... .0.014 


ee 
60° 
curves must also be changed from 60 cycles to 25 cycles 
by direct proportion. 
h’ = 38 X 0.646 = 24.5 

Read the curves for \ = 1 X 10-“ and h = 34.5 for 
the unit values of r, and x, at 60 cycles, from which the 
impedance of 230 mi. of line at 25 cycles is found to be 

Ze) 0020 

The desired impedance is the sum of these two 

impedances as they are in series, 

Zug = 36.2 +7 149.9 


When the tests were made the ground wires on both 
circuits affected the results. With 4 ground wires the 


tive height h’ = The value read from the 


0.096 


Rate 
SSS SSS SSS! x10 
a I ie 

IDE pr ee sccm es 


soucesosserezzazerse 
Fee elaisiales Peers 


j=) 
oO 
© 
n 


1.00 x10 4 


v 
vi 


BEBE Eyer} 
V | Y 


BERD BEE 
BRAC eel 


Resistance of garth return in ohms per mile at 60-cycles 


10) 
O 10 20 30 40 50 60 70 80 90 100 
Averagg height of ling in fet 


Fig. C-3—Tuersze Curves Give THE RESISTANCE OF THE 
Return Pate THrovucH tHe Kartu ror DIFFERENT VALUES 
- OF THE EHartH ConpuctTIvITy. CALCULATIONS BASED ON 
Carsons ANALYSIS 


expression for the desired impedance is from Table A-1 
ie 


Log i a Ze 
8 


Zu a Zins za 


and the proper average values of impedances must be 
inserted into the expression. For the ground wire on 
the same circuit as the conductor the self impedance of 
the ground wire should be based on its image return 
using a spacing of 2 H, but the same ground impedance 
as for the conductor should be used, so that 
Zog = 919 +7 166.2 

For the other two ground wires the calculations 
should be made upon the basis of the image distance 
from the ground wire on one circuit to the conductors 
of the other circuit. The angle 6, Fig. C-1, is about 


CLEM 
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60 deg. but the value ¢ is low enough so that the curves 
can be used, and then 
Zoey = 919 +9 162.4 


For the calculation, 


Average Z,, = 919 + 7 164.3 
Average Z,. = 1220 + 7 206.4 
Average Z,.» = 987 + 7 183.9 
fr 26Ft:6 in 
A : 5 : == — ee e e 
| | ay | 
| | 38-51 ft-4in. | 
l | 
L pent Rina te eee aes 50 —| 


Conductor - 795000 cm. ACSR dia.=1.093 in. 
Ground. wire - Steel core of conductor dia= 0.3642 in. 
Length of circuit 230 miles 


WLLSLEL EEE EEE 
Fig. C-4 


With these values there results 
u = 36.2 +7149.9— (9.1 +7 65.7) x 0.263 
= 33.8 + 7 132.6 calculated 
= 51.2 + 7 188.2 tested 
The calculations may also be made by the more 

rigorous method of the appendix. In which case the 
impedance is given by the following expression which is 
obtained from equation (21) of the appendix: 


qT; ie; 
ike Bas — so 


(See Appendix for usage of A and B) 
Aa = Zw, = 86.2 +7 149.9—Self impedance of line 


Lia = Air Biz 


wire. 
A; = A, = 464 +7117.7—Self impedance of two 
ground wires in parallel. 
3 4 | 
° fe} 
1 2 
VISTTSSIIIS ITIP IITTE 
Fig. C-5 
By; = 9.1 + 7 74.0 —Mutual impedance as in- 
dicated. 
Bu = 9. +752.8 °‘—Mutual impedance as in- 
dicated. 
By = +. + 752.6 —Mutual impedance as in- 
dicated. ; 
From equation (21) the values of currents are found as 
1 ty Ba By 
Tz 4 Bas $ Bas A, 
ie 9% A; 1 att B32 
A; As 


Ty ee ee 


8. Impedance:—Three 


( Bag 


a ae 


a I, 
Tne 0.01549 . ia = 01102 
‘ 7 Bee 
It should be noted that I, =I, => * and tho bet ae 
ob Ay 


very elceely for the spacings of this line. 


Zu = 33.8 + 7 182.4 
This is the same as by the previous calculation and 
the total ground wire current is 0. 265 as compared with 
0.263. 
Conductors in  Parallel— 
Ground Return 
By the approximate method from Table Aol 
Zim 33.8 P1826... 


bod sg 7 Bowl = 1B, 1528. 
| Z z = 15.7 + 779.8 calculated 
= 84.6 + j 87.4 tested 


_ By the rigorous method from equation (21) or (23) 


A.+2B, aT 4 Yoel Seta 
Galen apps pw 


There are two values of B, that might be used. 
Since the line conductors are transposed the same 
current flows in each and the effect of the ground is 
the ‘same on each of the three conductors, and so 


2h 
280% 0.1165 Log ag tb ae 


=j101 +94 +7 60.6 


O22 18% +3 19.6 


cityere are those who would prefer to use aes image 
- The average image ube 


; lating 1) 
Ad ft. and from ict 
ae Binge 9, 1 +j 70. vi 


913. 


7 Line == Aaeeety 22:0 


= 11.2 + 7 57.6 calculated 

= 28.1 + 7 62.6 tested 

By the rigorous method of the Appendix, from an 
adaption of equation (23) 

AG tr Be Be I; I, 
EG tae | Pa 


Die 


The mutual factor B,’ is based on the average image 
distance between the line wires of one circuit and the 
ground wires of the other. 


B,’ = 9:0 +7 52.6 


and then - 
Zea = 11.2 + 759.0 
5. Impedance:—Out One Circuit—Return Other. 


I 


By the rigorous method using equation (27) with 


conductors grouped as in Fig. C-5 


ae iB 
Zs =A,—2By,+A,—2 ae (Bi3 — Bu) 
Ds a4 By; — Be 
A i A3;— Bu 


A 4+2B, 


A; = Az, = 3 =18, 1 +7 97.1 self impedance, 
3 line wires in parallel 
A; =A, = 464 + 7 117.7 self impedance, 2 
ground wires in parallel 
By, =B,' = 9.0 + 9 52.6 mutual BOUEEINE: as 
indicated 
Bis = Bas = 9.1 + 7 74.0 mutual impedance, asi 
indicated 
By = Bu = 9.0 + 7 52.8 mutual impedance, as 
indicated 
Bu = By = 9.0 + 7 52.6 mutual Sus as 
indicated 
and then | : 
as a 
pes Ge ; 
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generating end. For this condition there are in effect 
two impedances in series, so that 
131.9 Z 98.1 
c= 930 “% T7280 


Z, = 16.8 + 7 83.2 calculated 
= 33.0 +7 91.7 tested 


7. Impedance:—Fault on One Cireuit—(Fig. D-1) | 

For the values of the constants on this line the follow- 
ing equations hold very closely. This is based on an 
observation made in regard to J; and J, in the caleu- 
lations of condition (2) 


I, Zs 


Ze 


ay i , = 
is Aten she Rapes eee 
A; 
BE, B,3? aa Big 
i; =A, +Z;- A; 


+) (B= 22 )/ 


When the substitutions are made there results 
Z; = 7.48 + 7 45.4 calculated 
= 22.7 + 7 41.3 tested. 


The writer wishes to thank the Pennsylvania Power 
and Light Company, the Consumers Power Co., the 
Appalachian Electric Power Co., and the Alabama 
Power Co., for their assistance in making the tests for 
the confirmation of the analysis; also the Hydro-Electric 
Power Commission of Ontario for permission to use 
its test data for the sample calculation. 


D. APPENDIX 


General Solution. For those who desire a more 
general solution the following is offered. Unfortunately 
this solution requires one assumption and that is that 
the earth is homogeneous so that the earth conductivity 
is everywhere uniform. Consider in Fig. A-1 a system 
of “‘m’’ line wires (indicated by number subscript) 
and “‘n’”’ ground wires (indicated by letter subscript). 
The circuit voltage of the line wires is Hi, Es, ete. and 
of the ground wires is 0. Then 


BE, =Ai:+1,B.+1;Bis+.... 
+1,Bi4+i,Bit+ . ss 
BE, =1,By.+1,A,.+1;Bys+.... 
I, Boa + I, Boy + aidcel |e (21) 
E; = etc. 
etc. = 
0 =1[,Bai+1.Be+13;Ba34+ . Fi die tis 
rege Bie Ro 
0 =1,3Bni+1,Be+1;B.,4+.. 
I,Ba+1,A,+ a (22) 
0 = ete. 
ete. = 


The solution of this set of equations gives the current 
distribution among the line and ground wires and the 
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net impedance voltage for any circuit configuration. 
The process of solution is as follows. Solve those 
equations (22) involving the ground wires and which 
are equated to 0 for the ground wire currents in terms 
of the line wire currents. Substitute these values of 
ground wire currents into the equations (21) for the 
line voltage and then solve for the line wire currents. 


In this set of equations 


A = self impedance of conductor with ground 
return. 

Al VSiLie aes 

Z. = self impedance of conductor with image 
return. 

Z, = Carsonian self impedance of the earth 
return. 

B = mutual impedance between pairs of con- 
ductors with ground return. 

B =M,+M; 

M,, = mutual impedance of a pair of conductors 
with image return. 

M, = Carsonian mutual impedance of a pair of 


conductors with earth return. 
The quantities A and B are to be taken for the full 


= = 


Fie. D-1 


length of the line. The application of the equations 
requires that the average height and spacing of the 
conductors be known; and that the contact resistance 
between earth and wire be known, and properly in- 
serted into the expressions. 

For any given configuration of line wires and ground 
wires the results as obtained by this method can be 
transposed into those obtained in section A by assuming 
transportation of line conductors and that @ is small: 
enough that Z, can be used for M,. 

If it is assumed that the line wires are transposed so 
that they each carry the same current the zero phase 
sequence reactance is 


Z=A+2B no ground wire 
I 
=A+2B-3—>-B, 1 ground wire 
1 
1,B,+1;B 
=A4+2B—9 tee 2 ground wires 
1 
Te BuslanectcleB 
=A+2 pig tities te 3 ground wires 
F 1 


(23) 
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In these equations J,, I;, etc. are the ground wire cur- 
rents and are obtained from the equations (22) by 
determinant solution. The quantities B,, B;, etc. 
are the average mutual impedances between each of 
the ground wire and the line wires. If an average 
value for mutual impedance between line wires and 
ground wires were used these equations would, as just 
mentioned, reduce to those developed under section A. 

Parallel Circuits. The solution for parallel circuits 
will be indicated in a general way only. In Fig. D-1 
a fault is indicated on one circuit. In this analysis 
the line conductors are considered to be transposed so 
that the quantities A and B involving the line con- 
ductors. and..ground. wires.-may-be taken as average 


values. Note that A and B represent circuit values 
and not unit values. The method of solution is as 
follows. 

At left of fault 


B,=Ai¢1,Be+1;Bua+lButk \ 


BE, = 1, By, + I, Aa + Is Bos + Ly Bas (24) 
0 =1,Bi; + I, Boy + 13 As + Is Bag \ 

0 =1,By+I1,Bu4+ 1; Bs + 1; As (25) 
At right of fault 

EY’ —— Are + Js! By! + I,’ B,3' a a By, 

E,! = She Bae + Hes Ad’ + I;! Bo; ae Vi By! (26) 
QO =J1' By’ + Io! Bos’ + Is’ As’ + 1! Bas! 

0 — 10Y By! + Ths! By,’ + Ts Ba! oe I, A,’ (27) 


E — EY’ — E,! 


Solve equations (27) for the ground wire currents 
I;' and I,'. Substitute these values in equations (26)— 
and note that I,’ = I,, and I,’ = — I,. The value of 
E is now found. 

Now solve equations (25) for the ground wire currents 
I; and I,;. Substitute these together with the value of 
E in equations (24) and then solve for J, and I,. The 


E 
zero phase sequence impedance is pane not forget- 


ting that E, = E. 


Discussion 


P. A. Jeanne: The method of developing the formulas for 
zero sequence impedance given by the author in the main body 
of the paper, involves initially an arbitrary separation of the 
impedance of a circuit formed by an overhead wire with ground 
return into two parts, one assigned to the overhead portion and 
the other to the underground portion of the circuit. In the end 
it is then necessary to rearrange or combine the terms to form 
impedances of complete ground return or metallic circuits so that 
the terms in the formulas will be measurable quantities. It 
therefore seems to me that the method outlined in the appendix, 
which only involves the use of complete ground return circuit 
impedanees, is the preferable and more direct. The Joint Sub- 
committee on Development and Research of the N. E. L. A. and 
Bell System has been using formulas developed by this latter 
method. 

With regard to the influence of earth resistivity, I should like to 
point out that although large variations in this quantity produce 
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relatively small variations in the zero sequence impedance and 
even less in total fault current it does affect ground wire cur- 
rents quite appreciably; for example, taking a 220-kv. line 
with two high conductivity (186,000-cir. mil ACSR) ground 
wires, a change in earth resistivity from 1,000 to 100,000 ohms 
per em. cube (conductivity of 10-12 to 10-'4 abmhos per em. 
cube) changes the zero sequence impedance about nine per cent, 
while it changes the ground wire current about 26 per cent on 
the assumption of the same fault current in the two cases. 

F. J. Grueter: One of the simplifying assumptions made by 
Mr. Clem in developing his method of calculating zero sequence 
impedance is that of uniform current along the length of the 
ground wire, and he cites some tests on the Turner-Logan line 
which agree with this assumption. This condition holds only 
when the ground wire is terminated in impedances to ground 
which are small compared to the resistance to ground of the 
tower footings. Such an assumption is valid when the ground 
wires are connected to station ground at both ends and the fault 
is outside of the section of line for which the zero sequence im- 
pedance is being determined. 

Recently the Joint Subcommittee on Development and 
Research of the N. E. L. A.-Bell System made a series of tests 
to determine the variation of ground wire current along the length 
of the line. Fig. 1 gives some of the results of these tests which 
were made on a 220-ky. transmission line, equipped with two 
200,000-cir. mil ACSR ground wires in a region where the earth 


PHASE CONDUCTORS IN PARALLEL ENERGIZED | 


ea 

— ONDUCTORS IN PARA N 

TO 5 OHM GRD, 1,100 FEET ON LINE EXTENSION. 
AVERAGE TOWER FOOTING RESISTANCE ~6.5 OHMS. 
EARTH RESISTIVITY 20,000 OHMS PER CM. CUBE, 
GROUND -WIRES —2 ACSR 

X=3 PHASE CONDUCTORS SHORT-CIRCUITED TO TOWER. 


TOTAL GND. WIRE CURRENT 
TOTAL COND. CURRENT 


20 120 


40 60 80 100 
DISTANCE IN KILOFEET ALONG LINE 
Fig. 1—VartatTion or GRoUND-WIRE CURRENT ALONG A 
TRANSMISSION LINE WHEN ENERGIZED WITH GROUND-RETURN 
CURRENT : 


resistivity was about 20,000 ohms per em. cube, (earth conductiv- 
ity of 5 < 10-14 abmhos per em. cube) and where the average 
tower footing resistance is about 6.8ohms. At one end of the line, 
where the ground wires were terminated, the three-phase con- 
ductors were multiplied and energized to ground, while at a point 
about 23 miles distance, the conductors were short-circuited 
together and to ground through a tower. The ground wires 
extended about three miles beyond this point of grounding. 

The ground wire current observed was a stepped function, due 
to the lumped leakage of the ground wires at the towers. The 
smooth curves on the plot were drawn giving averaged results 
and the general shape of these curves, including the overshoot, 
has been checked from theoretical considerations. The solid 
line presents the ground wire currents observed when the con- 
ductors were energized to a 5-ohm ground about 1,100 ft. beyond 
the end of the line. The dotted line gives the values when the 
line is energized directly to the end tower footing. At the ener- 
gized end, the increase or decrease of ground wire currents, ver 
the value at the middle of the line, persists for a considerable 
distance. Due to the continuation of the ground wires beyond 
the point of fault, the change in ground wire current at the fault 
end was observed over considerably shorter distances. 

It should be pointed out that the distribution of the currents in 
the ground wire at the energized end is not representative of the 
condition which exists when a ground wire is connected to the 
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station ground of low resistance, relative to the tower footing 
resistance. Under the latter arrangement the current in the 
ground wire entering the station would be equal to that in the 
middle of the line. Under these conditions, the ground wire 
current, with the exception of the case of a fault very close to the 
substation, will be of substantially constant value practically 
throughout the length of the line. In the ease where the ground 
wire terminates on a tower not connected to the station structure, 
the solid curve of the slide would be typical of the resulting 
conditions. 

The results of tests which are referred to here are a part of a 
study which has been conducted by the Joint Subcommittee on 
the general subject of the magnitude and distribution of currents 
induced in grounded conductors due to their presence in a mag- 
netic field produced by current in a ground return cireuit. The 
effects of these currents in grounded conductors on the zero 
sequence impedance of power circuits and of their effects on the 
voltages induced in nearby communication circuits have also 
been studied and it is expected that this information will be 
made generally available to the industry in a short time. 


George Wascheck: In determining the zero phase sequence 
impedance of transmission lines Mr. Clem treats the current in 
the ground wires as a constant quantity throughout the length 
of the line. Where ground wires are connected to a station 
ground of low resistance compared to tower grounds, and the 
fault is distant from the station it is quite accurate for the eal- 
culations of the zero phase sequence impedance to assume the 
current in the ground wire to be constant along the line. How- 
ever, with a fault within a few miles of the station the constant 
value of ground wire current may not exist for any appreciable 
length. A theoretical investigation has been made, in conjunc- 
tion with work of the Joint Subcommittee on Development and 
Research of the N. H. L. A. and Bell System, of the possible 
effect of this condition on the zero phase sequence impedance. 


For the solution of the impedance of such a system, in which 
the ground wires and towers assume the form of a ladder network 
(tower distances and ground resistances assumed constant) an 
evaluation is required of the average current in the ground wires. 
By means of finite difference equations the current in the nth 
section may be derived and the summation of the currents in 
all the sections becomes a geometrical series which may readily 
be evaluated. This, divided by the number of sections, becomes 
the average or equivalent constant current to be inserted in 
the circuit equations. 

The resulting formula for the zero phase sequence impedance 
has been put into the following form, consisting of three terms: 


Zo=Ze—n +n Aiea] on ee ie” 2 (Sot | 
K m?*¥ (m2 — 1) 
where: 

Zo = zero phase sequence impedance. 

Ze = grounded impedance of one phase wire with the other 
phase wires carrying equal eurrents, and in the 
absence of ground wires. 

Za = series impedance of ground wires with earth return. 
(Equal and constant currents in all ground wires, 
no current in phase wires). 

Zra = mutual impedance between ground wires and phase 
wires. 

R resistance of tower to ground. 

8 = length of section between towers in miles. 

K = number of sections. 

n = number of phase wires. 

sZe 1 4sZa 8 Ze \ 
 caleanaaagn (NGL, 
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The formula is based on the assumption of solidly grounded 
ground wires at Station C and a fault to a tower with the line 
extending indefinitely beyond, although the formula for any com- 
bination of the end groundings is determinable. 

It is seen that the first term is the zero phase sequence im- 
pedance in the absence of ground wires, the second, the addi- 
tional term that would be obtained if the ground wires were 
solidly grounded at each end of the cireuit involved, and the 
third, the contribution of the varying ground wire currents near 
the point of grounding. 

An application of this formula was made to a three-phase 
transmission line of flat construction of 28.5-ft. spacing with two 
ACSR ground wires of the same spacing placed 13.9 ft. sym- 
metrically above the phase wires. The three factors in the above 
equation were evaluated for assumed tower ground resistances of 
5 and of 50 ohms each. The results may be seen in Fig. 2. A is 
the zero phase sequence impedance per mile with no ground wire, 
B the term to be subtracted vectorially with constant current 
assumed in the ground wire (the ends solidly grounded), and C 


E WITHOUT GROUND WIRES 


| 
ACTUAL IMPEDANCES 


me K_, 
a} Limeeng] 


0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 
NUMBER OF SECTIONS | SECTION =0.215 mi 
Fig. 2—Zerro-PHAsp SEQUENCE IMPEDANCES 


(Variation of zero-phase sequence impedance per mile and its components 
versus circuit length for two values of tower ground resistances. Ground 
wire solidly grounded at station 0. Fault’ taken to any tower with line 
indefinitely long beyond used transmission line configuration shown below 
with phase wires 70 ft. above ground. Frequency 60 cycles per sec.) 


the correction due to the varying currents in the end sections 
near the fault. Parts A and B are constant but C is variable with 
length and with tower ground resistance. The curve marked 
Zo/ Mi. is the vector sum of all three components and is the actual 
zero phase sequence impedance per mile. Thus, with a fault five 
sections from the station (about one mile) the zero phase se- 
quence impedance per mile with 5-ohm grounds is 1.74 ohms per 
mile; with 50-ohm grounds 1.96 ohms per mile. This is in con- 
trast to 1.56 ohms per mile should the station ground wire current 
have been assumed. The following table shows a comparison 
between that of the net zero phase sequence impedance per mile 
against that assumed with the constant current of solidly 
grounded ground wires. 


It is to be observed that the error is quite small for a fault 
distant from the station and that for the two eases illustrated the 
effect of increased current in the ground wire near the fault is to 
increase the zero phase sequence impedance. It appears that 
the additional impedance of each tower to ground over that were 
the fault tower solidly grounded is sufficient to offset the reduc- 
tion in impedance to be expected by the larger ground wire 
current. 
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Zo per mi. with constant ground 
wire current 


Zo per mi. allowing for varying 


current in ground wire Per cent increase in magnitude 


No. of sections Length miles 5 ohms or 50 ohms 
Dice Peete oP baci 1 /2IS agree Se) Ah toe ®, TSG EO 2 seers 
BP Pade al cha eyes sais Doge 1! Ne eR cane ES eee Sie PR ric croton 
RS ee PN, oA ae at ie aN Sa I Seniesa ederttar ete 
DA PO ah cre yar aise % SM iti oe eee ae SSO ED 8 Pe NaS ee. 
23... MLW Oe ies See ad Ce eae ee 
Tet tars ats eek ferred OU ee iercrstanttee tte, 6 3 Mg 


5 ohms 50 ohms 5 ohms 50 ohms 
SS URE PC TN 2.05 /67.8 DEE 6 Sees eee F 31.5 
satel Urea SCD OE a oe 1.96/67 4 He ect eee ec 25.5 
BLT G5 Cl ae ae 1.86/67 .6 DISte hee ee 19.2 
ES CLEC aA eRe. 1.77/68 .2 SHCA ten ty 0d 13.5 

TENSE VGEE EY Oe ee TO TnOGE Ory nine ly iho Ale VANE Sar ee 7.0 
SRE EEE eh ie ke 1.61/72.2 eRe RAW oo. 22) 


H. M. Trueblood: Carson’s expression for the self-im- 
pedance of a ground-return circuit is 
" 


Liens + 2 wlog -— +40 f (ve +j—p)e"Hdp 


Mr. Clem speaks of the second term in this formula as represent- 


ing the reactance of the wire with image return. More fully 
expressed, it is the reactance, external to the wire, of the com- 
plete ground-return circuit on the hypothesis that the earth is of 
infinite conductivity. On this hypothesis, the third term of the 
formula would vanish, and there would be neither flux nor cur- 
rent in the body of the earth. If the wire also were of infinite 
conductivity, the second term would represent the entire im- 
pedancee, since Z;», which is the internal impedance of the wire, 
would in that case likewise be zero. All flux would thread be- 
tween the surface of the wire and that of the earth, there being 
none within the material of either, and, of course, no resistance 
anywhere. : 

Should we then regard the first and third terms of the formula 
as ‘‘correction” terms, introduced to take care of departures from 
the ideal condition in which both the wire and the earth have 
infinite conductivity? This is a permissible point of view, but 
the third term does not strictly represent an ‘‘impedance of the 
earth,” in the sense in which Z;, represents an impedance of the 
wire, viz., its internal impedance. The third term, as Carson 
points out, formulates the effect of the finite conductivity of the 
earth. This effect does not consist solely in causing flux and 
eurrent to appear within the body of the earth; it consists also, 
in part, in changing the amount and distribution of the external 
flux, 7.e., the flux between the surfaces of the wire and the 
earth. The third term, therefore, is not directly or simply iden- 
tified with an impedance associated with the earth. 

However, it is entirely possible to assign a definite meaning to 
the expression ‘internal impedance of the earth’”’ and the con- 
ception is of some value in the physical visualization of a circuit 
consisting of a straight long horizontal wire with ground return. 
In such a circuit, the internal impedance of the earth, per unit 
length of the circuit, may be taken as the electric force, parallel 
to the wire, at the earth’s surface directly below the wire. This 
is identical with the voltage induced per unit length in a second 
grounded conductor lying on the earth’s surface directly below 
the first wire, when unit current flows in the ground-return circuit 
of which the first wire is one side. 

With this understanding, the total impedance of a ground- 
return circuit can be written 

Ziw seg) @ Pot Lie 

in which Z;» is the internal impedance of the wire, identical with 
the first term of Carson’s expression, Z;. is the internal impedance 
of the earth and 7 w Pp is the voltage drop due to the flux thread- 
ing between the surface of the wire and the surface of the earth. 
The last two terms are not the same respectively as the last two 
terms of Carson’s formula, although, of course, the swm of the 
last two terms is the same in both expressions. 

This expression is of exactly the same form as appears in writing 
the total self-impedance of a circuit consisting of two wires. It is 
true, of course, that Z;-, the internal impedance of the earth, de- 
pends on the height of the wire above the earth, whereas, with 
wires, we commonly think of the internal impedance as a property 


of the wire alone, atagiven frequency. This difference is apparent 
rather than real, however, as is obvious if we think for a moment 
of such problems as that of the proximity effect in two closely 
adjacent wires at high frequencies, where the current distribution, 
and hence the internal impedance, of either wire, is affected by its 
separation from the other. The ground-return circuit problem, 
in fact, is really nothing but a’case of proximity effect, as can be 
seen by first imagining two wires forming a “metallic’”’ cireuit, 
and then allowing the radius of one to increase indefinitely while 
the distance between the surfaces remains constant. The wire 
with indefinitely expanding radius ultimately represents the 
earth, and the ‘“‘proximity effect” consists ‘essentially in the re- 
sulting non-uniform current distribution in this conductor, and 
associated phenomena. Cases can be easily imagined in which a 
noticeable proximity effect would be maintained in the wire 
whose radius remains constant, thus making the analogy between 
the two-wire cireuit and the wire-earth cireuit complete. In 
other cases, also, the usual simple conception of internal im- 
pedance becomes impossible and must be generalized; for 
example, in circuits of which railroad rails form a part. 


C. F. Wagner: Mr. Clem’s paper is particularly valuable 
because it collects together a large mass. of data corroborating 
Carson’s formulas for the calculation of ground return circuits. 
His Table C-2 enumerates the available data for ground conduc- 
tivity which forms a basis for the calculation of the ground 
return impedances. 


I have been using Carson’s formulas, also, for this purpose 
but the form is somewhat different from that which Mr. Clem 
presents. This is given in the April, 1931 issue of The Electric 
Journal, Vol. 28, No. 4, pages 241-244, 

S. Whitehead and P. D. Morgan: The present paper is a 
valuable contribution to the important subject of the impedance 
of a line when one or more phases is connected to earth as may 
oceur under fault conditions. The author has performed a real 
service to engineering in publishing Table Cl by means of which 
Carson’s formula may be readily computed for any special case. 
The analysis employed by the author in treating the effect of 
earth wires in parallel with the earth differs from ours in that the 
partial impedance coefficients the L’s and M’s of the first part of 
the A’s and B’s of the Appendix are eliminated by expressing 
them in terms of complete coefficients relating to go and return 
circuits, 7. e. the Z’s. We, on the other hand (J. J. H. H., March 
1930, page 367 et seq) have used the partial coefficients as deter- 
minable quantities by relating them to the plane of the earth 
as assumed neutral plane. The present author’s method is 
superior to ours in that the application of formulas such as 
Carson’s or Pollaezek’s is simpler. 

In the case of Rudenberg’s formula for the impedance of line 
and earth return we may put— 


2 
Impedance = [ ms + wj [2 = ion (2, ) | 


h 
+R+2 wjlogn— | 10-° ohms/em. 


Where 
f = frequency 
Oe 2g 
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K = 27 Vf/u 
u = specific resistance of the earth in abohms 
h = height of conductor in em, 
r = over-all radius of conductor in em. 
ft. =—1e781 
R = resistance of conductor in abohms per em. 


The first two terms may be taken as referring to the earth and the 
second to the conductor with the earth as a neutral plane. In 
such a ease our method and that of the author lead to identical 
results. Our method is, however, easier to apply to a multiple 
earthed earth wire or an underground cable where the current 
in the earth wire or cable sheaths varies along the line. Both the 
methods suffer from the disadvantage that they may ke rigorously 
applied only to concentrated currents such as in a conductor since 
otherwise the distributive and commutative laws of the coeffi- 
cients no longer hold. Fortunately, however, the aerial field of 
the earth current is usually negligible while the earth field of the 
aerial conductors is rapidly attenuated and may also be neg- 
lected. We used Rudenberg’s formula on account of simplicity 
but for most lines it agrees fairly closely with those of Carson and 
Pollaezek. 

The theory of Rudenberg is a simplification of the more rigor- 
ous methods of the other two authors and its errors appear when 
the induced voltage at a distance from the power line is required, 
the Rudenberg theory giving too concentrated a current distri- 
bution in the earth. For the case of the English ‘‘grid”’ lines 
examined by us (ibid. pp. 406-7) it has been verified that the 
present author’s methods give the same results as ours and this 
will be the case for nearly all power lines, divergence is only to 
be anticipated for lines at a great height from the ground or for 
frequencies considerably above those used for normal power 
transmission. It would appear, therefore, in view of the exten- 
sive tests made by the author in America and ourselves. in 
England that the caleulations of the earth or zero-phase im- 
pedance may be approached with confidence by engineers. 
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We wish, however, to draw attention to the fact that the earth 
wire current may vary considerably along the line with a high- 
conductivity earth wire such as is used in England unless the 
fault resistance to the earth wire is the same as the ‘‘earth plate” 
resistance, at the fault. In one of our tests there was only an 
additional 114 ohms fault resistance to earth as compared with 
the resistance to the earth wire but theory and experiment showed 
that the earth wire current fell from 70 per cent to about 30 per 
cent from the end to the middle of the line. The effect on the 
impedance is however, usually negligible as shown in our paper 
(ibid.). The same effect occurs with cables and may produce 
large voltage rises at the bonds adjacent to the fault. 

In our paper the actual fault impedance but not the zero-phase 
impedance for a three-phase line was given. This omission was 
rectified in the discussion (J.J. H. H., June 1930, page 779) 
where it is also mentioned that short-circuit calculations may be 


- much simplified in practise by treating all the impedances as pure 


reactances, that is, neglecting the phaseangles. Theerrors intro- 
duced by this on fairly short lines would probably not exceed 
about 10 per cent so that this approximation may often be 
useful. 

In our tests the value adopted for the resistivity of the earth 
was based partly on measurements of the voltage induced in- 
neighboring telephone lines which are very sensitive to the 
magnitude of the effective resistivity. A certain amount of 
agreement was observed with surface resistivity measurements 
and in considering similar tests made elsewhere in Europe it 
appears possible that some correlation between the a-c. resistance 
and the known electrical properties of various geological strata 
might be obtained. Has the author been in a position to attempt 
such a correlation and, if so, has he come to any conclusion as to 
the feasibility of this? 

Finally we should like to mention, as in our paper, that a 
second earth wire placed below the conductors appears to have 
considerable advantages notably from the standpoint of reducing 
inductive interference from short-circuit currents. 
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Synopsis. —The niet of symmetrical components now 80 
extensively used to determine short-cirewit currents and stability 
limits during transient conditions for three-phase transmission 
systems when a fault involving one or more of the three conductors 
occurs at any one point of the system, has been extended to apply to 
three-phase systems during simultaneous faults at two or more 
points of the system. 

A general equivalent circuit is developed to replace, in the positive 
phase diagram, two simultaneous faults involving any combination of 
the six conductors. An approximate equivalent circuit to be used 
with the d-c. calculating table when resistance is neglected is also 
given. 

Special equivalent circuits are employed to replace two Kate 
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teneoee faults am the lines upon which they occur, when the lines 
are unloaded feeders radiating from a common point or lines of 
equal impedances bussed at both ends. 

The methods and formulas given in this paper were developed in 
answer to such questions as the following: 


eggs Which is a more severe shock to a system, a double line-to- 


ground fault on one circuit or two single line-to-grownd faults 
occurring simultaneously on two separate circutts? 

2. Do simultaneous double line-to-ground faults which involve 
the same phases, a and b, on two circuits, result in more or less 
ground current than faults which involve phases a and b on one cir- 


cuit and phases b and c on the other? 
* * * * * 


W HEN double circuit towers carry two three-phase 


circuits, disturbances may involve one or more 
conductors of each circuit. From published 
records! of the number of flashovers on double circuit 


towers which have tripped out both circuits, and from 


opinions expressed by operating engineers of various 


“power companies who have been consulted, it seems 


reasonable to conclude that in the neighborhood of 
20 per cent of the faults on double circuit towers involve 
conductors of both circuits. 
instances where faults in substations have involved 
conductors of circuits not on the same towers. 

It seems worth while therefore, to have in convenient 


| form, methods for calculating short-circuit currents, 


and of determining the stability limit of a system when 


- faults occur simultaneously at two separate and distinct 


points of the system. The general case will cover 
simultaneous faults at any two points of the system, 
involving one, two or three conductors at each point, 
while short circuits on parallel circuits on the same tower 
will be a special case in which the two points of fault are 


symmetrical with respect to the system, although they 
will not be symmetrical with respect to ground unless | 


the faults are on the same phase or Dey in both 
circuits. | 

Mr. C. L. Fortescue has shown? that any system of 
- three vectors may be replaced by three sets of balanced 
components. 
actual urrents and voltages i in terms of their symmet- 
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In addition there are - 


The fundamental equations expressing 


circuit becomes grounded, the voltages to ground on 
the three conductors and the currents in the three lines 
are no longer balanced. If the three unbalanced volt- 
ages to ground, V., V, and V., at the point of fault, 

and three line currents flowing into the fault, J,, I, and 
I., are resolved into their symmetrical components, 
it will be found that there are enough relations existing 
between these six components to allow the positive 
component of voltage at the fault, V.i, to be expressed 
in terms of the positive component of current in the 
fault, I.1, and the zero and negative phase impedances, 
Z, and Z, respectively, viewed from the fault. To do 
this requires five equations. 

Since there is no generated zero nor negative piace 
sequence voltage, and the positive direction for all 
component currents is taken towards the fault, 

0— Vao = Lao Zo at (1) 
0-— Var = 1a Ze (2) 

Ata point of fault there are certain relations be- 
tween the positive, negative, and zero components of 
current which flow into the fault, and also between the 
positive, negative, and zero components of voltage at 
the fault. These relations between the components 
of current and voltage, depending upon the type of 


_ fault, provide additional equations connecting the 


unknowns. For all types of fault there will be three 
independent equations connecting the components of 
current and oe at the poe of sme . Lhese 


(2 


(3) 
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Equation (3) will be satisfied, and the positive phase 
current and voltage distribution may be determined 
if the fault in the positive phase diagram is replaced* 
by the shunt impedance K, the value of K being de- 
termined by Zo, Z. and the type of fault. 


Two SIMULTANEOUS FAULTS 


The method of procedure outlined above for de- 
termining the positive phase current and voltage 
distribution when a fault involves one or more of the 
three conductors at a single point, may be followed for 
simultaneous faults at two distinct points. 

If the two points of fault are C and D and the con- 
ductors at C are a, b and c and those at D are a, Band vy 
(a and a being conductors of the same phase, as are 
b and 8, and c and y), the six components of voltage 
and current at C will be Vao,. Vai, Va2, Lao, Lai and Ia, 
and those at D will be Vo, Vai, Vaz Lao, Lai and I a2. 
It will be shown that there are ten independent equa- 
tions connecting these twelve unknowns. It is pro- 
posed to eliminate the eight unknowns Vao, Vao, Vaz, 
V a2 Lao, Tao, Laz and I. and to reduce the number of 
equations to two, expressing the positive components 
of voltage, V.: and Vi, in terms of the positive com- 
ponents of current, J; and I .1, and the known zero and 
negative impedances. 

Zero Phase System. With a single fault, the zero 
phase current in the fault varies directly as the zero 
phase voltage to ground at the fault. When there are 
two simultaneous faults, the zero phase current in either 
fault depends upon the zero phase voltages at both 
points of fault. In order to readily express the two 
zero phase voltages in terms of the two zero phase 
currents, the zero phase impedance diagram‘ will be 
simplified, remembering that all points of zero potential 
for zero phase voltage may be considered bussed at the 
same point, S. Equivalent circuits to replace two 
parallel transmission lines with mutual impedance be- 
tween them in the zero phase system are given in Ap- 
pendix C. When there are more than two parallel 
lines it may not be possible to accurately represent 
them by a simple equivalent circuit in the zero phase 
system but an approximate equivalent circuit may 
usually be: obtained. When the zero phase system 
can be represented by an equivalent impedance 
diagram, it is always possible to reduce it to an 
equivalent Y, connecting the two points of fault, 
C and D, and the zero potential point, S. In some 
systems this may be done by A— Y or Y — A trans- 
formations,’ but in complicated systems it may be 
necessary to use an a-c. or d-c. calculating table to 
determine the branches of the equivalent Y or A con- 
necting the points C, D, and S. 

Determination of Equivalent Y for the Zero Phase 
Impedance Network by Means of the Calculating Table. 
For an exact determination, the use of an a-c. calcu- 
lating table such as the M. I. T. Network Analyzer‘ is 
necessary, in which case the currents and voltages 
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measured as described below would have to be in vector 
form, requiring the use of a watt-meter as well as an 
ammeter and voltmeter. For many purposes the 
resistance in the networks can be neglected and the 
impedances considered to consist of reactance alone. 
In this latter case the d-c. calculating table may be 
used. The general procedure in either case is as 
follows: 

(a) Setup the zero phase impedance network on the 
calculating table. Apply a voltage to ground, V,, at 
point C with point D ungrounded, but all zero potential 
points, S, grounded. Measure the total ground current, 
I,. Current I, at C is the same as the total ground 
current J, at S. 

(b) Apply a voltage to ground, V,, at C with point D 
grounded but all zero potential points, S, ungrounded. 
Measure the current I, at D. 

(c) Apply a voltage to ground, Va, at point D with 
point C ungrounded, but all zero potential points, S, 
grounded and measure the current J,. 


C D 


Fic. 1—EQuIvALENT Y For ZERO PHASE SEQUENCE NETWORK 


If the branches of the equivalent Y are Co, Do, and So, 
then 


Ve 

i. = Gs a Se (a) 

Ve 

po SO) +d (b) 
d 

Va " 

7 = Do+ So (c) 


From equations (a), (b) and (c) the branches of the Y 
are determined. 

Fig. 1 represents the equivalent Y for the zero phase 
network connecting C, D and S with its branch im- 
pedances, Co, Do and So. Let the positive direction 
for zero phase currents be taken towards the faults C 
and D. Then since there is no generated zero phase 
voltage, by superposing the voltages due to the two 
component currents, the following equations are 
obtained: 


0 — Vao = — Vao = Lav (Co + So) + Tao So (5) 
0— Vao = — Veo = Lao So + Tao (Do + So) (6) 
Equations (5) and (6) express the zero components of 
voltage at the two points of fault in terms of the two 
zero phase currents flowing into the faults and the 


branch impedances of the equivalent Y. 
Rewriting equations (5) and (6) to express the cur- 
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rents I,9 and Jo in terms of Veo ota V .o, or from Fig. 1 
directly: 


Ia ay Vua0 Zoo = V a0 Vis (7) 
pain Sit Cane 
Lao a, Vao L- i V a0 Ue (8) 
where Zoo = Cy Do+CoSo+DoSo. ~ (9) 


‘Equations (7) and (8) are not independent of equations 


(5) and (6). There are four unknowns, Vo, Vo, Lao 
and J. in the zero phase system and two independent 
equations connecting them. 


Negative Phase System. In the negative phase sys- 


ten, just as in the zero phase system, there is no gene- 
rated voltage, and the positive direction for negative 


phase currents is taken from the neutrals of the ma- 
chines towards the faults. The neutrals of generators 


and loads are points of zero potential for the negative 


_ phase system. The negative phase network‘ of a sys- 


. 
7 


zero potential for negative phase voltage. 


tem may be reduced to an equivalent Y or A connecting 
the points of fault C and D and the points of zero po- 
tential, which may be considered bussed at a common 
point, S. It is important to note that S, the point of 


| Fre. 2— oe ene Y ror NeGativeE PHASE SEQUENCE 
Network : 


zero potential for zero phase voltage is not necessarily 
the same point of the actual system as S, the point of 
Neither are 


the two P points identical. The same letters are used, 


however, to obtain symmetry in form for the zero and 
negative phase current and voltage equations. 


_ From Fig. 2 which represents the equivalent Y for the 
negative phase network connecting C, D and S, the 


two negative phase voltages may be expressed in terms 


ot Bes two negative phase Currents and the impedances 


2 ae Ve = Tos (Cz + Se) + Tae S2 
sbien = ane, os os days ie i he 


(10) 
ae 
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Equations (12) and (13) are not independent of equa- 
tions (10) and (11). There are four unknowns V.., 
V «2, Ia, and I 4» in the negative phase system, and two 
independent equations connecting them. 
Relations between Components of Current and of 
Voltage at Two Points of Fault. At each point of fault, 
the relations between the components of current flowing 
into the fault, and between the components of voltage 
to ground at the fault are independent of the rest of 
the system. Table I gives three equations connecting 
the components of current or of voltage at a point of 
fault for various types of fault. When there are two 
points of fault, there will be three equations connecting 
components of current or voltage at each point. By 
replacing a, b and cin Table I by a, B andy respectively, 
the three equations connecting components of current 
or voltage at the second point of fault, D, are obtained. 
Simultaneous Equations. Three equations expressing 
relations between the components of current or voltage 
at each of the two points of fault, two equations con- 
necting zero phase currents and voltages and two con- 
necting negative phase currents and voltages give the 
ten equations needed to eliminate the eight unknowns 
Vis Veep Tao, yaees Vas Pes and Ts so that the 
positive components of voltage V., and V.i may be 
expressed in terms of the positive components of cur- 
rent, I,, and I.,, and the known zero and negative 
phase impedances of the system. Since the ten equa- 
tions are linear the two resulting equations can be put 
in the form: 


Va 
Vat 


where k, 1, m and n depend upon the branch impedances 
of the equivalent Y’s replacing the negative and zero 
phase networks, and the particular combination of con- 
ductors involved in the simultaneous faults. It should 
be noted that k, 1, m and n do not ga positive phase 
impedances. 
Equations giving k, l, m ee n for faults which 
involve various combinations of the six conductors are 
derived in Appendix D and tabulated in Table II. 
Positive Phase System. The positive phase system 
differs from the negative and zero phase systems be- 
cause Posen wae pale ee tetas are ea aS 


Sh Pam Lak 
si ee 


(15) 
(16) 
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TABLE | 


Relations between the symmetrical components of current in the fault and between the components of voltage to ground at the 


fault for various types of fault. 


The operators a and a? have been defined in equations (13a) and (14a). 


Phases 
Case Type of fault involved Current relations Voltage relations 
ABR ca uel Bel Ne COLL OUNC Say ets een nee Ger See eel gine aes Ue Vai = —-(Vao + Vaz) 
Van iG ee aa 
(b) eEineto eroundi. gas). 0 cist Dis ense ces og Vign= a CGhY ea a) 
Ig =Alaj;la = @ Tae 
Tao = a Tai; Tai = a? Tao : 
(G) Teinertozoround ae =, co ciorl eta eo ae Oiissvinad, > (le a er Vax == (8 Vaoet @ Ve) 
Tae = @ Iq; lor = alae 
Butowhsecs (a)iineyto fines tn cit.a te ate does Disc eee ol go =O; Lol Vigo —— Veen 
Tao — 0 
(b) Piitinestonlinesemrnt oat. arse eee By Ci oh cate ae rn Veo = @) Var Vin = aia 
Teg = — 1g; Tai = — @ I a2 
° . Tao = 0 
(ce) bane: to linea ee ora See G1, DROME Oo ar ee ee eee ea Varo = @ Vai; Vai = 0 Vaz 
Tho = = 0 Ja le —alg, 
CHa Bs (a) Double line to ground............. be Bien: Leat= = Gensel a eee Viggiano 
Vane — 1G Veet Vict nee 
(b) Double line to ground............ soo obs lav = =a Tey Ara) ie i 8 vo Von neva ah 
(e) Double line to ground............ GbE eee Tox = —(@t Igo, Ha Las) --» ) Vao = 4 Var; Var = @ Vao 
Va =e Vas Wan ne Vaz 
JON ere See (a) enree= phases eras saree cua tea eer OL Unde ern earns Tag = 0 2 ee ee ee Vier — Oar a0) Veen 
(b) Three-phase to ground........... G0, Cire OE eee Vir = 0-Viao = 0) es : 


At point C there is a positive phase voltage, V.i, to 
neutral and a positive phase current, J,:, flowing into 
the fault. At point D there is a positive phase voltage, 
V «1, to neutral and a positive current, I 41, flowing into 
the fault, the relations between voltages and currents 
being given in equations (15) and (16). 


EQUIVALENT CIRCUITS REPLACING TWO SIMULTANEOUS 
FAULTS IN POSITIVE PHASE SYSTEM 


Equations (15) and (16) may be written 


m = nN 
Vn a= (k — 2) Liat as i es (Cis + Tai) 
m— vn 
pate eee (Cae Jee) (17) 
m+n 
Vig i (l — m) Hoa ie rece (Lai + Las) 
m—n ; 
faerg = (Lai) 


The last term of (17) and of (18) may also be written 


1 SA? 
ON Fas) 


. 


CaseI. mand n equal. 
When m and n are equal (17) and (18) become 
Vai = (k — m) deat = m (la + dee) 
Vai ~ (— Mm) er +m (Fas + Iai) 


(19) 
(20) 


The relations expressed in (19) and (20) are satisfied 
by substituting for the faults a Y network having the 
branch impedances (k — m), (!— m) and m connecting 
the points C, D and ground as shown in Fig. 3. In 
this case the positive phase voltages and currents of 
the system may be determined as in any other balanced 
load distribution problem: that is, by calculation, or 
by means of a calculating table, the equivalent Y re- 
placing the two faults in the positive phase network. 


Fic. 3—EquivaLtent Y Repiacine Two Fautts in Positive 
PHASE SEQUENCE NETWORK FOR SPECIAL CASE OF m =n 


CaseII. mand n unequal. 


When m and n are not equal, the positive distribu- 
tion of currents and voltage due to the faults can not 
be obtained by inserting an equivalent Y or A between 
the points, C, D and ground. 

A. General Equivalent Circuit. Fig. 4 shows an 
equivalent circuit which may replace the two faults in 
the positive phase system. The equivalent circuit 
consists of a Y having branch impedances k — n, 1 — m 


m+n 


and - ney connected between points C, D and F, 
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T'asie II 


Values of k,l, mand n 40. be substituted in equations (15) and (16) for simultaneous faults at two points of the system. 
The operators a and a? have been defined in equations (13a) and (14a), and Zo. and Z.. in equations (9) and (14). 
For the sake of brevity let, 


. _ Yt Zes = Co +8o + Cr+ Ss . 
Do + So + D2 + 82 
Zeas = (Co + C2) (Do a D2) + (Co + C2) (So a S2) - (Do rh D2) (So + Se) 


N 
= 
i 


Case E. Single Line-to-Ground Faults at Two Points. 


(a) Phases a and a. : 
- _ko= Zine . : ’ m = So + So 
. nm = So an So tl = Zas 
(b) Phases 6 and a. ; : 
: K= Zicss ‘ ; : : m =aSo + a? S82 
n=. Soa Ss ih == Wiaig 
(ec) Phases c and a. ; a. 
? k= Dies ; ‘fs ; m = a? So Es a S: 
n=aS8) +a?S8, I Ie 
- Case F. Line-to-Line Faults at Two Points. 
(a) Phases b,c andB, y.* —s ae . 
a “4 : k= Cy, + 82° . ‘ m = Sz 
(b) Phases a, c and 8, 7. ni : 
. k= Cn -- S32. : ¥ : : m= aS» 
. nm =a 82 it 1 =D: +82 
(ce) Phases a,bandf, 7. ae | : 
[Oe os phen e" m=aSz 
n= a S82 ' is De S> 
Case G. ~ Double Line-to-Ground Faults at Two Points. 
- (a) Phases b, c and, y.* — ad 
mi  _ Bas (Co + 80) + Zoo (C2 + 82) Zo2 So + Zoo Se 
ri k =- — : n= — - 
a bee’ \ 2 of 2 ‘ Feds a t , a ’ Zeds 
3h eas aoa ov, Za Sot Ci ‘% pea, A ; ees Z22 (Do + So) = Zoo (D2 + S2) 
5 4 a= a Deas id rte : me ys ane : it Leds 
(b) Phases a,c and 8, 7. Paid A Ea : 
es | py fe , Zr (Ca i cS) + Zoo (C2 J S2) * : tig at aSyZ2+ 0 S2 Zoo 
“omge reas 4 Zeas + 3 So S2 aone } Zeas + 3 So S82 
ha a aS82 Zoo ma 222 (Do + So) + Vie (D2 + S:2) 
= oe zy : ; A 5 Zieds +3 So S82 
P a2 So Z22 + a Se Zoo 
nm = - — 


Zeas +3 So So 
422 (Do = es + Zoo is ap Ss) 


924 


CLARKE: SIMULTANEOUS FAULTS ON THREE-PHASE SYSTEMS ‘Transactions A. I. E. E. 


TaBLE I]-—Continued 


Case J. Double Line-to-Ground Fault at C and Single Line-to Ground Faults at D. 


(a) Phases b, c and a. 


(Co + So) (C2 + S82) 
Zes 


k = 


So (C2 + S2) + S2 (Co + So) 
Zes 


n= 


(b) Phases a, c and a. 


(Co + So) (C2 + 82) 
Zes 


ke 


@ ke (CaS) 4a SC t SO 
ae 


n= 


(c) Phases a, 6b and a. 


(Co + So) (C2 + Se) 
Zes 


k= 


- a So (C2 oe So) + a? So (Co + So) 
Zes 


= So (C2 + Se) + S2 (Co + So) 
Zes 


a (So — Se)? 


l = Zas Z 


a So (C2 =e So) + a Se (Co + So) 
Zes 


HU) 2 


So? + So S82 + S82? 


lL =Zas — Z 


pas a? So (C2 + S2) + a S82 (Co + So) 


Class K. Three-phase Fault at C and Single Line-to-Ground Fault at D. 


(a) Three-phase fault not involving ground. 


k =0 
n=0 
(b) Three-phase fault involving ground. 
b= 0 
n= 0 


and between F' and ground an impedance, 5 


n—- mM 
a paralleled by an adjustable voltage, V,. Equa- 


tions (17) and (18) will be satisfied if current (J 4: — Iai) 


fi 
Fie. 4—Exact Gpnerat Kqurvatent Crrcuit RepLacine Two 
Fau.ts IN Positive Poasp Sequence NETWORK 


m— nN 
Diy? 


is made to flow through the impedance 


2 
If the voltage, V., is adjusted in phase and magnitude 


current (Iai — J a1) flows through the impedance 


Zee 
pe So? + SoS. + S? 
Zes 
m = 0 
) = pers oe 
m =0 


until the current through it to ground is double Ji, the 
current entering the fault at C, then the current 


(Tai — Iai) will flow in the impedance aie If the 


2 


n— mM ; 
9 is used, V, must be adjusted until 


impedance 


the current through it is double J .i, the current entering 
the fault at D. 


B. Approximate Equivalent Circuit for Use on the 
D-C. Calculating Table. In short-circuit studies it is 
customary to neglect capacitance and resistance, and to 
consider all generators operating with no load excita- 
tions. The system can then be represented on a d-c. 
calculating table. 

A study of Table II shows that with resistance and 
capacitance neglected, k and / have no real components, 
but are positive reactive impedances larger in magnitude 
than mand n. When mand n are equal, they also have 
no real components and are positive reactive im- 
pedances; but when m and n are unequal they have 
real components which are equal and opposite, while 
their reactive components are equal in magnitude and 
of the same sign. 

The error made by neglecting the real components of 
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m and n will ordinarily be less than the error made by 


of mand nare neglected, 


neglecting line resistances. When the real components 


m— nN ’ 
ai pale 0, and the general 


equivalent circuit in Fig. 4 becomes a Y connecting 
C, D, and G, with branch impedances (k — n), (J — m) 


+n : ; 
—, ,see Fig..5. The branches k—n, and 


: 7 d m i 


Fig. 5—Approximate EQuivaLent Circuit Repiacina Two 
Fauuts 1n Positive Poase SEquENcE NETWoRK 


(J — m) will be positive reactive impedances and there- 
fore can be represented on the d-c. calculating table, 


while - 9 may be either positive or negative. If 


positive it can also be represented on the d-c. table. 


It will be remembered that the branch impedance 


Seore is connected to ground as are the neutrals of the 
generators in the positive phase diagram. This im- 
pedance is therefore in series with the generator reac- 


tance when there is a single generating source and may — 


be combined with it. When is negative and it 


oe 


is not possible to combine it with any other reactance, 


this branch of the Y between P and G may be set to. 


zero and the distribution of currents obtained, these 


Xp 


currents to be increased by the ratio — ; 


er Baal 2 


een Bie at the a eauigaent Bees pebwee Bene 


lent Circuits. Lines upon which 
r with the faults ay Pe aes 
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obtained on the calculating table. Then the division 
of positive phase currents between the faulted lines, 
and the positive phase voltages at the points of fault 
may be determined by calculation. 


(1) Equivalent circuit for simultaneous faults on unloaded 
feeders radiating from a common point 


Let the fault points C and D be on unloaded feeders 
radiating from a common point H, then referring to 
Fig. 6A, let 

V; = positive phase voltage at H. 

Vai = positive phase voltage at C. 

Vai = positive phase voltage at D. 

Z-n = positive phase impedance between H and C. 

Zan = positive phase impedance between H and D. 

I, = positive phase current at H. 

I.1 = positive phase current at C. 

I.1 = positive phase current at D. 


Then 
Daal ln (21) 
Vie Vaew= Lather (22) 
Va Vay =U Zan (23) 
subtracting (23) from (22) 
— Var + Var = Ler Zen Lar Zan (24) 
subtracting (16) from (15) 
Va- Va = (b— 2) I— (l—m)Ia (25) 
adding (15) to (22) and (24) to (25) 
Vi = (Za +k) Ia tml (26). 
Ora Zien 0) Dae WZ aes ele 


(27) 


Lartlor 


Fig. 64—UNtoapDED FEEDERS witH FauLtts at C anp D 


Zhe 
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adding (28) and (29) and replacing Ja; + Ia: by I; 
Zratk+Za+1- (m + n) 


> 30 
ts Vi (Zan tk) Za+l)—mn (30) 
Substituting V, from (30) in (28) and (29) 
Za t+l—m 
Tai a T;, fs sf. k as ae FE l= (m aft n) (31) 
Zech + k — 7 
= 32 
re ai POWs TONG Tae RIAL 
From equation (30) 
Vi = (Zen + k) (Zan + l) — mn (33) 


I; Zratk+Zat+l— (m+n) 


V 
hohe = Z,, = impedance between point H and 
h 


ground, which is the equivalent circuit sought. 

Therefore, two unloaded feeders radiating from H 
with two simultaneous faults may be replaced by a 
single lumped impedance, Z;,, whose value is given by 
equation (33). The total ground current and the 
positive phase current and voltage distribution for the 
system exclusive of the feeders themselves may then 
be obtained. Knowing J, and V,, the positive phase 
currents in the feeders, J.: and I.i1, may be obtained 
from equations (31) and (32), and the voltages at the 
points of fault, V.i and Vai, from equations (22) and 
(23). 


(2) Equivalent circuat for two lines which have two points 
im common or are bussed at both ends and two 
simultaneous faults 


This case will include simultaneous faults on any two 
lines which, on the positive phase diagram, have their 
ends terminating at common points. Two feeders 
radiating from a common point with impedance loads 
replaced by shunt impedances to ground, have the 
ground as a common terminal point. Even when the 
lines upon which the faults occur do not have two 
points in common by appropriate A— Y or Y— A 
transformations it is often possible to represent them 
by two equivalent lines which do have two points in 
common. 

Fig. 7A represents two lines bussed at R and 7 with 
faults at C and D, in which Z.,, Z.:, Zar and Za: repre- 
sent positive phase impedances between C and R, 
C and JT, D and R, and D and T respectively, and 
V,, Vi; Var and V,; the voltage at R, T, C and D. 
I, and I; represent the currents at R and T respectively, 
positive direction being towards the faults and Jai 
and J,, the currents flowing into the faults from C 
and D. 

From Fig. 7A 


TI, +], = Ja+]a1 = I, = total ground current 
Let J, divide into J, and I,—J,, and I, divide into 
I, and I, — I,. 
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Letha = Shs + I, and Ex = He a I,- I,- 1 
Let Z.,=a; Z..=b, Zar=C, Za=d and a+b+c+d=S. 
Then 


Va =V,-al, (34) 
Va=Vi-b1, (35) 
Va = Vr—¢U,— 1) (36) 
Va = Vi—d (I. —I,) (37) 


Substituting the above values for J,, and J,; in (15) 
and (16) 
Va = k— mm G2 +1) 410d. ee) (38) 
Var= (h— lee ana (39) 
From the six simultaneous equations (34)—(39) the 
four unknowns Vai, Vai, Z- and JI, will be eliminated 
and V.and V, expressed in terms of J, and I;,. 


Fie. 7Aa—Two Lines Busszep at Born ENps wita Two 
SIMULTANEOUS FAULTS 


Fic. 78—Exact EQuivALENT Crircurr REPLACING THE Two 
Fauttep LINEs or Fia. 7A 


Substituting (38) and (39) in (34) and (37) respec- 
tively, and transposing: 
V,=mI,+mI,+ (a+k—m) I, + (k— m) I, (40) 
V.=l1,4+@+)1.+ m—)iI,+(m—I1—d)I, (41) 
Subtracting the sum of equations (35) and (36) from the 
sum of (34) and (37); and the sum of (34) and (39) 
from the sum of (36) and (38): 


0=cl,-dl,-(+olI,+(0+a) I, (42) 
0=(m—c-—J)I,+ (m-DI, 
+(at+te+k+l—m—n) I,+(k+l—m—n) I, (43) 


Expressing J, and J, from (42) and (43) in terms of 
I, and I,, and replacing a +b +c+dbyS. 


[b+e+dl—m) +e@+d+k—n)] I] 
+ [b(l— _m)—d(k—»)] I, 


EET SORT gy a hy MME 5 GN AR 


(44) 
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obtained. 


ee ee eee 
bee aeoe don) dG -he- ka fale 3 
Th Maman toro ay . 


ten (44) and (45) in (40) and (41) 
Ba ee riggs Ne st +c(at+b+dajk 
+aQb+c+d)l+ac(b+d) 


“S(k+l—m—n) + (@ +0) (b+) 


Ve — I, 


_Skl= mn) +bemtadntedk+abl 


Sk+i-m—n) + +o b+d) at 


S(kl— mn) Glin |g OS eats 


Ue S@+lomo mr @tob+ea * 
pskl—-mn)—bd(m+n)+d(a+bt+c)k 
i [’ +b(a+e+d)l+ bda-+e) A 
Somer il Seni ert co) Ohad is? 
(47) 


(a) General Case. A comparison of the coefficient of 
I, in (46) with that of J, in (47) shows that they are not 
identical, and therefore a simple impedance Y or A 
can not replace the lines with the two simultaneous 
faults in the general case where m and n are unequal 
and there is no fixed relation between the impedances 
Zers Lists Les and vA a ; 

The general equivalent circuit or the approximate 


‘ equivalent circuit may be used to replace the two 


lines with the two simultaneous faults, rather than 
just to replace the two faults, if it is found advantageous 


todo so. To obtain this circuit, equations (46) and 

(47) may, be written: | , 
V.=KL4+M1, (48) 
Vi= iN [oeerk, (49) 


If k, l, m and n in Figs. 4 and 5 are replaced by 
Ka L, M and N as defined in equations (46)—(49) and 
and I. ai and I,: by I, and I, the desired circuits are 
The Bonet Sav alene circuit is shown in 
Fig. 7B. 
 (b) pio Case, 
ee aes Ais is if m =n or 
er of these conditions is satisfied the 
th the two simultaneous gous, ey oe 


The coefficients of ae t ee I, in 


ee = ae ee ae 
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ab(k+l+m+n) +2 (a+b) kl 
4ab+2(a+b) (k+l—m—n) 


m%) 


(I, +1) | 
(50) 

b 

Aree = oe It 


ab(k+l+m +n) +2 (a+b) (kl— 
4ab+2(a-+b)(k+1—m-—n) 


Mm N) 


I, + I) 


(51) 

Equations (50) and (51) will be satisfied if the two 

lines and the two simultaneous faults are replaced by a 

Y between the points R, T and G, Fig. 8B, the branch 

nbs 
o 


impedances of the Y being mae and 


ab(k+l+m+n)+2(a+56) kl— mn) 
4ab+2(a+b)(k+1—m-—n) 3 


In problems where the division of currents between 
the two lines and the voltages at the points of fault are 
required they may be determined by calculations from 
the voltages and currents at the ends of the lines. If 
the positive phase current and voltage distribution has 
been determined with the equivalent Y replacing the 


agar ad 


2-3 T ; 


ab (k+ 1+ m+n) +2 (a+b) (kKl-mn) 
4ab+2 (a+b) (k+1-m-n) 


[aI | 


A I stsi B 
Fie. 8a—Speciau Case or Fic. 7A wHen Lines HAVE Equa 
IMPEDANCE AND Fautr Points are EQuipIsTANT FROM ONE END 


Fiat 88s—Exact EquivaLent Crrcuir ror Fra. 8a 


lines and the two simultaneous faults, then V,, V,, I, 
and I, will be known. J, and I, may be obtained by 
substituting the values of J, and J; in equations (44) 
and (45); Vai may be obtained from equations (34) or 
(35); and V qi from (36) or (37). 

Equivalent Y vs. Equivalent A. In the zero- aad 
negative phase systems, equivalent Y’s were used to 
replace the network connected between the two fault 
points and the points of zero potential, assumed 
at pa Baie ale ce A’s might have been 
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Yooa Yoes and Yogs, the first subscript indicating the 
sequence and the second and third the terminal points. 
Replacing’ the impedances of the Y’s by the admit- 
tances of the A’s in equations (13d) and (14d) of Ap- 
pendix D: 
Tai = Va CY ccs oF Y cea ae Yoca a Yoca) 
aes Vat (Yoca ae Y 2ca) 
Tot =F rl Vent (Y oca —- Y 2a) 
+ Vix (Yoas ala Vode 3 Yoca ali Yoca) 


These equations are satisfied if the zero and negative 
phase networks are connected in parallel between the 
points C, D and G of the positive phase system, points 
C in the three systems being connected, also points D, 
and the points of zero potential of all three systems. 
With these connections on the calculating table, the 
zero and negative phase currents for phase a as well as 
the positive, may be read directly for all parts of the 
system. 


ANALYTICAL SOLUTION OF POSITIVE PHASE NETWORK 


When a calculating table is not available, or when 
greater accuracy is required than can be secured from 
either the d-c. table or the a-c. network analyzer, the 
distribution of positive phase currents and voltages may 
be determined by calculation. 

Equations may be written by Kirchoff’s law express- 
ing the internal voltages of the various machines and 
the positive phase voltages, Vii and Vai, at points C 
and D respectively, in terms of the positive phase 1m- 
pedances of the systems and the positive phase currents. 
If there are » machines, there will be a minimum of 
(n + 2) unknown currents, 2. e., the n machines currents 
and the two fault currents; and a minimum of (n + 2) 
voltage equations, 7. e., the n machine internal voltage 
equations and the two fault voltage equations. Each 
loop in the system introduces an additional unknown 
current, but also an additional equation, the voltage 
drop around the loop being zero. In these (n + 2) 
equations the » machines internal voltages are known, 
the (n + 2) currents and the two fault voltages are 
unknown. With equations (15) and (16), (which are 
independent of the positive phase sequence impedances 
and the internal voltages of the machine, but depend 
upon the types of fault and the zero and negative phase 
impedances) there will be (n + 4) equations and (n + 4) 
unknowns. It is possible, therefore, to solve for the 
positive currents in terms of the internal generated 
voltages and the positive, negative, and zero phase 
impedances of the system. Knowing the positive 
currents, the positive voltages for the system may be 
obtained. 


SOLUTION AT POSITIVE PHASE NETWORK BY 
SUPERPOSITION 


~ To avoid the additional equations and unknowns due 
to loops in the positive phase system, the following 
equations may be used: 
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Positive Phase Sequence Equations* Expressing Positive 
Voltages in Terms of: Positive Currents and Impedances 


Fi, =J; QutTls Qiet ei fs! tees +I, Qin tl a1 Qictl as Qia 
E, wh Qautls Qoot apiaige 19a) +I, Qon tl at Qo tl at Qea 
i, = 4 Qritls Qnot a Poy oe pay oe +2 n Qna tla QnetT at Qna 
Varta Qatls Qe2+ tees +I, Qe tla Qee+l a1 Qea 
Vala QatTls Qast tee +I, Qin tla Qactl a1 Qia 
where E,, E2...... E,, are known internal voltages on 


machines 1, 2 and n, and J, J, and Jn are the corre- 
sponding currents. Vi and V.; are the positive phase 
voltages at the points of fault C and D respectively, 
and 7,, and J,, are the corresponding currents flowing 
into the faults. Positive direction for machine currents 
is taken from the generator neutrals. Positive direction 
for faults current, J,; and I 41, is taken from the system 
into the faults. 

Also 


Vv 
Qu = Rr where V, is the internal yoltage of 
1 


machine J, when no fault currents and no machine cur- 
rents are flowing except J, . 


1 « 
On = ij when no fault nor machine currents 
n 


are flowing except I,. 


Var 


Tai 


and no fault current except I a1. 


Qea iF 


when no machine currents are flowing 


n 


Qa. = FE 


when V, is the internal voltage of 


machine, or when no fault currents and no machine 
currents are flowing except J,.. 

The Q’s associated with J,; and J. in the above equa- 
tions will be negative, due to the arbitrary assumptions 
for positive direction of current flow. 

When there is a point of zero potential on the posi- 
tive phase system at which no voltage is generated, such 
as the neutral of a shunt impedance load, there will be 
a return path for the currents when one current only is 
flowing, and the Q’s may readily be obtained on the 
calculating table. When there is no such point it will - 
be necessary to ground one machine, No. 2, to provide 
a return path for the currents when the only current 
flowing is the one under consideration. The voltage 
equation H, = 1, Qa1+...... +I a: Qoa will then be- 
come indeterminate but may be replaced by the current 
equation: I) 4= Ts. Sieshie +I, =Ia +I. The cur- 
rent distribution will first be determined with ma- 
chine No. 2 grounded (EZ, = 0), and then with all 
machines except No. 2 grounded. By superposing the 
two sets of currents the distribution of positive phase 
currents will be determined. 


*These equations were suggested by Mr. R. H. Park. 
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SOLUTION OF NEGATIVE AND ZERO PHASE NETWORKS 


When the positive phase voltages at the points of 
fault and the positive phase currents flowing into the 
faults have been determined, four of the eight unknowns 
V ao, Vao, Va2, Vary Lao, Lao, Lax, and Iz. may readily be 
obtained from the relations given in Table I. The 
four remaining unknowns, two of. which will be in the 
zero phase and two in the negative phase system, may 
be obtained from equations (5), (6), (10) and (11), or 
from (7), (8), (12) and (13). 

‘In general, the voltages at the two points of fault of 
either system will not be in phase with each other nor 
with the reference voltage of the positive phase system. 
The currents in the network of either system may be 
determined by superposition, 7. e., by adding vectorially 
the currents due to the fault voltage at C with point D 
grounded, and the currents due to the fault voltage at 
D with C grounded. 

When an a-c. calculating table is available the cur- 
rent and voltage distribution in the zero phase system 
may be obtained by applying voltages to ground, V4 
and Vo, at points C and D respectively of the zero 
phase network; and in a similar manner the negative 
phase current and voltage distribution will be deter- 
mined by applying voltages V.2 and V.». at point C 
and D of the negative phase system. 


SYSTEM CURRENTS AND VOLTAGES 


By use of the fundamental symmetrical component 
equations given in Appendix A, the positive, negative, 
and zero components of currents and voltages may be 
combined to give actual currents and voltages over the 
entire system. 


THREE SIMULTANEOUS FAULTS 


The method used for determining currents and volt- 
ages when simultaneous faults occur at two separate 
and distinct points of the system may be extended to 
apply to three or more simultaneous faults. 

With three simultaneous faults on the system, three 
independent equations may be written expressing the 
three zero phase voltages at the points of fault in terms 
of the three zero phase currents flowing into the faults. 
The equations given above for use in determining 
the positive phase currents may be used to ad- 
vantage in this connection; or if three equivalent Y’s 
for the zero phase system are drawn, each preserving 
the identity of the points of zero potential considered 
bussed at a common point, S, and two of the three fault 
points, the three equations each expressing one zero 
phase fault voltage in terms of the three zero phase 
currents flowing into the faults may be written by 
inspection. . 

In like manner the negative phase system will provide 
three independent equations connecting negative phase 
fault voltages and currents. 

At each of the three points of fault there will be three 
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independent equations connecting components of cur- 
rent or of voltage. 


Nine equations expressing relations between the 
components of current or voltage at the three fault 
points, three equations connecting zero phase currents 
and voltages, and three connecting negative phase 
currents and voltages, provide fifteen equations. The 
unknown zero and negative phase currents and voltages 
may be eliminated from these equations, the number 
being reduced to three, and the three positive phase 
voltages to ground at the fault points expressed in 
terms of the three positive phase currents flowing into 
the faults and the negative and zero phase impedances 
of the system. 


In the positive phase system there will be one more 
unknown voltage and one more unknown current than 
with two simultaneous faults, but there will be two 
additional voltage equations, one involving positive 
phase currents flowing into the faults and negative and 
zero phase impedances, and the other involving positive 
phase line currents and positive phase impedances. A 
complete determination of the positive phase currents, 
therefore, is possible, and from these, the currents and 
voltages over the entire system may be obtained. 

Generalizing from the above, it may be seen that n 
simultaneous faults would be solved in a similar manner. 


SINGLE-POLE SWITCHING 


In the past there has been some discussion as to the 
advisability of switching out one phase and retaining 
the two good phases when a ground occurs on one phase 
only of a three-phase system. When grounds occur at 
two separate and distinct points of the system but each 
involves one conductor only, it may be desirable to 
investigate the possibility of simultaneous single-pole 
switching. 

When a conductor is disconnected from the system 
by opening the breakers at its terminals, the current 
in it and in the other two conductors and the three 
voltages to ground at the terminals of the line are the 
same as they would be if the conductor were open at 
one point only, provided there is no ground on the 
conductor and capacitance is negligible. For conve- 
nience, when a conductor is open at both ends it will be 
considered open at one point only, the point having 
any convenient location along the line. This will not 
change the currents in the conductors nor the voltages 
at the ends of the section under consideration. The 
voltage to ground of the open conductor, however, 
will depend upon the location of the opening. 

When one conductor of a three-phase transmission 
line is open the voltages to ground on the two sides of 
the opening in general will be different, and a voltage 
will exist across the opening. Fig. 9 represents three 
conductors a, 6, and ¢ with conductor a open at point C. 
Let @., €,, @- be the differences in voltage on the two sides 
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of the opening for conductors a, b, and ¢ respectively, 
and 7,, 7, and 7, the line currents at point C. 
(a) conductor a open. 
Fault conditions: e, = e, = 0,and2, = 0 
From (la), (10a)—(12a) 
tar = — (tao + %a2) 


Cai = Cao = ea 


(52) 
(53) 


eae ae a 
bs H ! 
Fic. 9—Turere-Poase Linge with One ConpucTtoR OPEN 
SHOWING SERIES VOLTAGES UsEep IN ANALYSIS 
(b) conductor b open. 


Fault conditions: e, = e, = 0,and2, = 0 
From (2a) and (10a)—(12a) 


tar = — (tao + @? V2) (54) 
Cal = Gao = A? Cae (55) 
(c) conductor c open. 
By analogy from (b) 
tar = — (A? ta0 + @ tae) (56) 
Cal = eyo = 10 C25 (57) 


It is of interest to note that equations (52)—(57) are 
identical in form with the equations given in Table I, 
C for double line-to-ground faults. Ina similar manner 
it may be shown that when two conductors are opened 
the resulting equations between components of series 
voltages and between components of line currents will 
be identical in form with those given in Table I, A for 
single line-to-ground faults. 

Series Voltages and Series Impedances. It should be 
noted that é@,, €a0, @a1 and @a2 are series voltages. Due 
to the opening, a series voltage, e.:, appears in the zero 
phase network at point C and a line current, 7.0, which 
meets a series impedance z. Likewise the series volt- 
age, €a2, appears in the negative phase network at C and 
a line current, 7.2, which meets the series impedance 22. 
Expressed in equations: 


€a0 


Ain = (58) 
ofa 59 
AE mn (59) 


where 2) and z, are the series impedances for the zero 
and negative phase networks respectively, viewed from 
the point C. 

Single-Pole Switching on One Circuit. It has been 
shown’ that the effect on the positive phase currents 
and voltages of the system of opening a single conductor 
may be represented by inserting the zero and negative 
phase series impedance circuits viewed from the open- 
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ing in parallel across the opening in the positive phase 
impedance diagram; and if two conductors are opened, 
by inserting the zero and negative phase series 
impedance circuits in series. This is seen by adding 
(58) and (59) and substituting (52) and (53) in the sum, 


then transposing: 


&0 &2 ; 
Coie Val 


60 
Z0.-+ 22 ( ) 


and when two conductors are open, by analogy from a 
single line-to-ground fault, it follows that 
Car = (%o + 22) Va (61) 

Single-Pole Switching on Two Circuits Simultaneously. 
The relations between the components of line current 
and the components of series voltages at a point where 
a conductor is open are independent of the rest of the 
system. These relations are given in equations (52)— 
(57) for conductors a, 6, and c. By substituting a, 
Band y for a, b, and c respectively, the relations exist- 
ing at a second point of opening are obtained. 

In both the zero and negative phase networks there 
will be two series voltages introduced by the opening. 
If the zero and negative phase networks are reduced to 
their simplest form consisting of three branches each, 
as shown in Figs. 10A and 10B, the identity of the 
lines in which the conductors are open being preserved, 
equations connecting components of current and voltage 
may be written thus 


— €a0 = tao (Co + So) + ta0 So (62) 
= @a0 = ta0 So + ta0 (do + So) (63) 
— @a2 = Vaz (Cz + 82) + tas (64) 
= €a2 = tao 82 + V20 (de + 82) (65) 


It is seen that equations (62)—(65) have the same form 
as (5), (6), (10), and (11), and since equations (52)— 
(57) have the same form as the equations of Table I, 


Fic. 10a—Zrro Puast SEQUENCE SERIES EQUIVALENT CIR- 
CUIT FOR Two LINES witH CoNDUCTORS OPEN aT Two PoINTs 


Fig. 108—NeGativE PHASE SEQUENCE SERIES EQUIVALENT 
Crrcuit FoR Two LINES wiTH ConpUCcTORS OPEN aT Two Pornts 


C for double line-to-ground faults, it follows by analogy 
from the work on simultaneous faults that the positive 
series voltages €,1 and €,; at points C and D respec- 
tively, when one conductor is open at each point may 
be expressed in terms of the positive phase line currents 
tq, and 2; thus: 

(66) 
(67) 


Catena k’ (ef Sie m’ bal 
n' Opn sates a tat 


Il 


Cal 
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where k’, l’, m’ and n’ are functions of ¢o, do, So, C2, de 
and 8s, the branches of the simplified circuits represent- 
ing the zero and negative phase networks, and are 
given in Table II, G if k’, l’, m’ and n’ are substituted 
for k, 1, m, n and Co, do, So, C2, do and 8s for Co, Do, So, 
C2, D, and S» respectively. 

Equivalent Circuits Replacing Opemngs in Two 
Transmission Lines in Positive Phase System. The 
effect of an opening in a conductor in the positive phase 
system is to introduce a series voltage opposing the 
flow of line current. When there are two openings, two 
‘series voltages will be introduced, one at each opening, 
the relations between these series voltages and the line 
currents being given by equations (66) and (67). 
Equivalent circuits may replace the two openings just 
as they may replace the two simultaneous faults, but 
since these equivalent circuits are to be inserted in 
series with the lines in which the conductors are open 
they will depend upon the end connections of the lines. 

When the lines are bussed at one end, and m’ and n’ 
are equal, an equivalent Y having the branch 
impedances k’ — m’, 1’ — m’ and m’ may be inserted by 
opening the lines at the common point and connecting 
the branch k’ — m’ to the line in which the opening 
occurs at C, the branch 1’ — m’ to the line with the 
opening at D and the branch m’ to the common point. 
When m’ and n’ are not equal the general equivalent 
circuit or the approximate equivalent circuit may be 
inserted in the same manner. These circuits may be 
obtained from Figs. 4 and 5 if k, l, m,n, Ia: and I; are 
replaced by k’, l’, m’, n’, ta: and 7 a1, respectively. 

When the lines are not bussed at either end the 
positive currents may be determined analytically as 
under two simultaneous faults, remembering that the 
voltages at C and D are series voltages and the currents 
are line currents. In the special case where m’ and n’ 
are equal the openings in the two conductors may be 
replaced by a four terminal mesh network similar to 
that shown in Fig. 178, Appendix C. If terminals 1 
and 2 are connected across the opening at point C and 3 
and 4 across the opening at point D, the impedances of 
the six branches may be determined from equations (1c) 
Za Zp» and Z,» being replaced by k’, Ul’, and m’ 
respectively. 

When the lines are bussed at both ends a single 
impedance may replace the lines with the openings in 
the positive phase system, Fig. 11. 

Equivalent circuit replacing in the positive phase system 
two lines bussed at both ends each having one conductor 
open. Let the lines with the openings-at C and D, hav- 
ing positive phase impedances between terminals Z, 
and Z.4, respectively, be bussed at points Rand T. Let 
the sum of the currents entering the lines at R and 
leaving them at T be I,, and let V, and V, be the volt- 
ages at R and T, respectively, Fig. 114. 


Then 


i, = tai ar USS) (68) 
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V,—V; ' ’ 
Z, = >———— = equivalent impedances (69) 
Val at Val 
V;- V, = Z. ad a Cal (70) 
Ve Vi-= Lata tea (71) 


Substituting (66) and (67) in (70) and (71), respectively, 

Ve—Vi= (Ze +h’) tar + m' tar (12 )eee 

Vi.— Vi = tar + (Za siouhe) Cie (73) 

Solving (72) and (73) for 7.; and Zq, 
‘ Zatl—m’ 

SZ. +k) Za 0) — mi! 


=i (Ve— Vi) (74) 


Z. +k’ —n’ 
(Zest kj Ge +L), — m0’ 
Adding (74) and (75) and substituting in (69) 
_ oth!) Za tl) — min! 
Z+Zatk' +l—m'—n’ 


Val = 


= (V,— Vi) (78) 


Zt (76) 


Equation (76) gives the equivalent impedance, Z,., 
which replaces the two lines bussed at both ends each 


having one conductor open. Fig. 11B. 
id, C 
R iat T 
I ely eh lebila 2 
R al a 7 R rt T 
Take eal ee 
an "ar Thon 
A B 
Fig. 114° anp Fic. 118—Posirtve PHASE SEQUENCE 


EQurivaLENt Circuits Repitacine Two Lines Bussep at Bot 
Enps, Eacu Havina One Conpuctor OPEN 


SHORT-CIRCUIT AND STABILITY PROBLEMS 


Methods have been given for determining the cur- 
rents and voltages in all parts of the system during 
simultaneous faults when there are any number of 
connected machines. For practical problems it is not 
ordinarily required to know the exact currents and 
voltages in all parts of the system 

For short-circuit studies when a high degree of pre- 
cision is not required, resistance and capacitance are 
neglected, and all generated voltages are assumed equal 
and in phase. 

In stability studies one equivalent machine is often 
used to replace several machines or groups of machines, 
so that the number of machines involved in the calcu- 
lations is small. It is necessary to know the generated 
voltages on all machines or equivalent machines in 
order to calculate the power which each sends out or 
receives, but it is not required to know the currents if 
power is calculated from voltages, angular displace- 
ments, and impedances. In order to determine the 
stability’ of a system during transient conditions the 
transfer? impedance between the various machines 
before, during, and after the disturbance must be known, 
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and also the driving point’ impedance of each machine 
when resistance is taken into account. 

The way in which the analytical methods developed 
in the preceding part of the paper may be applied to 
actual problems is shown in the two examples given 
below. 

Problem I. Short-Circwt Study. Simultaneous double 
line-to-ground faults occur on two circuits; phases 
a@ and ¢ are involved at point C, and phases b 
and c (8 and y) at point D. Find the currents in the 
six conductors in “‘per unit’? neglecting resistance and 
assuming no-load excitations on all synchronous 
machines. 

Fig. 12A gives the simplified positive phase diagram of 
the system. Since the currents in the faulted lines are 
the only ones required, the rest of the system has been 
reduced to an equivalent generator viewed from H, 
with transient reactance x,’ = 0.84 and excitation 
E.,1 = 1.00. Negative phase impedances are taken 
equal to positive phase impedances, Fig. 12c. The 
zero phase impedance between C and the zero potential 
point, S, is 0.904 and between D and S is 1.80, and there 
is no mutual between the two circuits, Fig. 12B. 

Since the zero and negative phase diagrams are 
already in simplest form the impedances of the branches 
of the Y’s may be tabulated: 


So = 0 Co = 7 0.904 Diy = 4 1280 

Ds = a} 0.34 Gs = * 1.06 IDs, = 7) 0.75 
Substituting these branch impedances in Table II, 
G (b), k, l, m and n will be calculated. 


Zo = 31.06 X 70.84 +41.06 X 70.75 
+ 70.84 X 70.75 = — 1.410 
Zo = 90.904 x 71.80 = — 1.627 


Leas =) 1.964 X 7 2.55 +7 1.964 x 7 0.34 
+ 92.55 X 70.34 = — 6.54 


k — 1.410 x 7 0.904 — 1.627 « 7 1.40 , 
= — 654 4.202043 
a — 1.410 x 7 1.80 — 1.627 x 7 1.09 rece 
7 — 6.54 Pe coe 
* a? <7 0.84 & (— 1.627) ; 
nm = — 654 = 0.07382 — 7 0.0428 
a xj 0.84 X (— 1.627) : 
ee eee ee =: (), 0732 — 1900 ,04238 


— 6.54 


In the positive phase diagram the equivalent circuit 
for two unloaded feeders radiating from the same point 
H, may be used and Z,,, calculated from equation (33). 
(7 1.06 + 7 0.543) (7 0.75 + 7 0.660) + 0.007 


Zio = 57.06 +) 0.543 + 70.75 +7 0.660 +7 0.846 


— 2.258 


= 73.098 = eee: 
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I I I Eas Wy 1.00 syd 
h =fatlal—"9 34 450.727 51.067 


V, = E.1—(7 0.34) & (—7 0.987) = 1. — 0.8186 = 0.681 
From (31) and (32) 
70.75 +7 0.66 — (0.0732 — 7 0.0423) 


—j 0.987 


Py = 9 0et PGE 
= 0.022 — j 0.439 
71.06 +7 0.548 — (— 0.0732 — 7 0.0423) 
Tax = — } 0.987 OS: 
= — 0.022 — 7 0.498 


From equations (22) and (23) 
Vai = 0.681 — (0.0221 — 7 0.489) (7 1.06) 
= 0.216 — 7 0.023 
Vai = 0.681 — (— 0.0221 — 7 0.498) (7 0.75) 
= 0.308 + 7 0.016 
From Table I, C(b) and C(a) 
Vaoe= OV a = — 0.128 — 7 0.1755 
Vaa =4Vai = — 0.088 + 7 0.1985 
Vao = Vaz = Vai =-0.308 +7 .016 


“s: 


Cy= j0.904 Do=j1.80 C2=]1.06 
D C ; D Cc 


B Cc 


Wey GY 


A—PosiTIvE Puase SEQUENCE DraGRAM FOR PROBLEM I 
B—HauivaLtent Y ror Zero PHase SHQUENCE DIAGRAM 


C—EeuivaLtent Y ror Nuaative Puase Sequence DiaGRAM 


From Fig. 12B and equations (5) and (6) 


7 
Io = = Foose 0.194 — 7 0.142 
ae ee 0.009 + 7 0.171 
a0. =i Sg Seeeinia see Oa 
From Fig. 12c and equations (12) and (13) 
(bene 
Ton. = — (— 0.088 4 7.0.1985) Soa ag 
| 0.016 pled 0.150 — 7 0.142 
+ (0.808 + j 0.016) sai9 = — 0.150 — 7 0. 
a 7 0.34 
Tap = a OSB ele eee ein 
— (0.308 + 7 0.016) ee = 0,082 + 7.0.827 


Ig 
Ty 


(7 


Fig. 13—Aprroximmate Positive PHase SEQUENCE DIAGRAM 
FOR ProsLEeM [| 


—s 


es 


; etid differ v very little Seon those} given eat he 
- Problem ii. _ Transfer Impedances (for Stability : 
Find ‘the transfer impedance between the © 
generator G. and the equivalent motor, M, in Fig.144 
4 multaneous line-to-ground faults at points C and 
D) conductor 6 being grounded at Cand aat D. Find 
also the transfer impedance when conductors 6 and a 
Reactances are given in per unit on the 
generator base. Transformers are A-Y, solidly grounded 
or The four transmission lines are on 
ircutt eer which are e not on the same right- 


Study). 


are open. 


n the high sides. 


a7 event SY eee ee eee ee ee ee ee eee 
nar - ° ver Set S 


ee 1a ae thes hafta. See sche 
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i ing the seer currents in ‘equations ae 


Il 


If the See equivalent circuit, Fig. 5, is used 
in the positive phase diagram, Fig. 13 would result. 


From Fig. 13, I, 
—j 0.497. These values check those obtained 
by the exact method very loser and the ine currents 
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Substituting these values in Table II, E(b). 


LB ilies k = 70.4716 

0.066 — j 0.728 Ei 1 =70.4716 

0 ) m = — 0.1067 — j 0.0683 
0.515 + 7-0.298 n = 0.1067 — j 0.0683 
0 


Generator 


— 0.729 + 7 0.303. 
0.701 +7 0.210 


— 7 0.935, In = — j 0.488, 


¥© 50.0066 


j0.175 


pies: is 


Fig. 14 


A—Smwpuiriep System DiacraM For Prospuem TIA 
ee PHASE. Saayevee Woes te ‘ 


_ The zero phase diagram has 
i g the average zero 
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b ; 
Ly = ar 0.40 
— .16 xX 7.8066 +2 x 71.00 x (— 0.2063) 


ae — 0.64 +2 x71.00 x 7 1.080 


Inserting this equivalent Y in the positive phase 
diagram, Fig. 148 is obtained, from which the transfer 
impedance, Z2, between LE, and E, is readily determined 

Miss mao 4 1.052 

(b) Transfer impedance berween G and M with two 
conductors open. Figs. 154 and B show the zero and 
negative phase networks respectively reduced to their 
simplest series impedance diagrams, the identity of 
the lines with the open conductors being preserved. 

If Co, Do, So, C2, D2 and S2 are replaced by €o, do, So, 
C2, d2 and s. respectively, k’, l’, m’ and n’ may be calcu- 
lated from Table II, G(b). 


=—fONID 


SOOO 
j 1.00 


fae 


D2 
CO) 00000 


00000 


A—ZErRo Puase SEQUENCE SERIES DIAGRAM FOR PROBLEM IIb 


B—NeeativeE Puase Sequence SrErigs DiaGRAM FOR 


Prosiem IIb 


C—Positive PuHasr SrquenceE Diagram witH LiNnEs 
ConTaInING Open Conpucrors RepLaceD BY SINGLE 
IMPEDANCE 

Cy 9721.60 do = 71.60" ‘sy =. 3 0.90 
c. = 7 1.00 Ger= 71,000 Ss = 90.2815 
Zoo = Cody + Co So + do So = — 5.44 
Zoe = Code + C2 So + de S = — 1.575 
Zas = j 2.60 X 5 2.60 + 7 2.60 X 7 1.1875 
+7 2.60 X 71.1875 = — 12.985 
3 8082 = 38 X79 0.90 X 7 0.2875 = — 0.776 
Zeds + 8 So Sp = — 18.71 
k’ = 70.799 
= 70.799 
m’ = 0.0093 — 7 0.1086 
n’ = — 0.0093 — 7 0.1086 


Substituting these values of k’, l’, m’, n’ in equation 
(76) the value of the impedance, Z,., to replace the two 
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lines with the two open conductors may be obtained. 
Z, and Z, are the positive phase reactances of the two 
lines. 


Z. Za = 9 1.00 


j 3.598 + 7 0.217 


If the impedance Z,; is inserted in the positive phase 
diagram to replace the two lines with two conductors 
open, Fig. 15c is obtained, from which the transfer 
impedance, Z1., between HE’, and FE, may be calculated. 


Zio = 0.798 


Lui — a 7 0.840 
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Appendix A 


Fundamental Symmetrical Component Equations:? 


Le aT oo + Tar + Lae (la) 
I, me Tag +@¢Iut+al, (2a) 
Ty aed be talat+@Taz (3a) 
Va = V a0 + Vet —- Ve (4a) 
Ve = Vao + @ Var + @ Vaz (5a) 
ie = V a0 = a VS SF a? Va2 (6a) 
£ 
Fax epee inal mes) (7a) 
ot 
Par =a et Gi a ty (8a) 
1 
Tn =—g Uatalh, + al.) (9a) 
1 
Vie = Co (Vi ai V, = Vs) (10a) 
i 
Va = oe (V, taV, +. V.) (11a) 
1 
Va = a (Vat@Vv,+aV.) (12a) 
where 
1 ‘Q 
a=- 45 mccaeee Rei er (13a) 
2, 
1 " 
ee = iS = 1.00 /240° = 1,00 /— 120° 
(14a) 
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NOTATION 


are the three line currents at any point 
of the system. 


Temp anel, 


V., V,and V, are the three voltages to ground at any 
point of the system. 


Ia1, Ip, and I,, are the positive phase sequence currents 
in the three conductors. By defini- 
tion these currents are equal in magni- 
tude and I,; leads J,, by 120 deg. and 
I., by 240 deg. 


Tao, Ing and I,2 are the negative phase sequence cur- 
rents in the three conductors. By 
definition these currents are equal in 
magnitude and J, leads I.. by 120 
deg. and IJ. by 240 deg. 


Zao, Io and I,9 are the zero phase sequence currents in 
the three conductors. By definition 
these currents are equal in magnitude 
and in phase. 


Notation for components of voltage corresponds to that 
for components of currents. 


Appendix B 


RELATIONS BETWEEN THE COMPONENTS OF CURRENT 
AND OF VOLTAGE AT A SINGLE FAULT FOR VARIOUS 
TYPES OF FAULT 


Let I., I, and I, be the currents flowing into the fault 
from lines a, 6 and c respectively, and V,, V, and V, 
the voltages to ground of phases a, 6 and ¢ respectively, 
all at point of fault, C. 

When a ground occurs on a three-phase system the 
conductors which become grounded have zero voltage 
to ground and the conductors which are not involved 
have zero current flowing into the fault. When the 
fault is between conductors and not to ground, voltages 
to ground on the faulted conductors are equal and the 
sum of the currents flowing into the fault is zero. Thus 
three equations may be written in terms of actual cur- 
rents or voltages, which when used with the funda- 
mental equations (la)—(12a) of Appendix A permit 
zero and negative phase currents and voltages to be 
expressed in terms of positive phase currents and volt- 
age, respectively. 

In these fundamental equations phase a is taken as 
reference phase, and the currents and voltages of phases 
b and ¢ are expressed in terms of the symmetrical 
components of phase a. 

Negative and zero phase voltages and currents will be 
expressed in terms of positive phase voltages and cur- 
rents respectively for typical fault conditions. 


A. Line-to-ground Fault. 
Fault on phase 0, Fig. 164 
Fault conditions: 1, = J, = 0 and V, = 0. 
From (5a): Va1r:= — (@ Vao + @ Vaz) 


ll 
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From (7a), (8a) and (9a): 


cleo 60> he tODG beg i=) a, 
and Joo = @la9) OF OTe = 1s, 
B. Lnne-to-Line Faults. 
Fault on phases a and b, Fig. 16B 
Fault conditions: [, = 0,2, = —I,and V, = Vj. 
From (7a): Ia. = 0 


Ta Ob a) 
From (8a): Iai = Cea eo 
I,(l— a?) . 
From (9a): Ig. = eee 
1— @ 
iy ee a wae sO? J Or = 1 oe 
a ~ 
Uae 
i 
‘ : 


Fig. 16 


A—CvurRRENTS Fiowine Into SinGuLE Line-To-Grounpb FAuLtr 
B—Courrents Fiowine Into Line-To-Linge Fauur 


C—Corrents Frowine Into Dovusie Line-To- Grounp 


Fav. 
- From (4a) and (5a): 
Va—Vi = 1-—@) Vat d—a) Vaz =0 
SN gees eee 
. Ott reli fates! at HO? Vos OF V oi OV as 


C. Double Line-to-Ground Fault. 
Fault on phases a and ¢, Fig. 16c 
Fault conditions: V, = V, = 0 and J, = 0. 
From (2a) J, =Io + @la+ale=0 
Cla == (a Tao + a I q2) 
From (10a), (11a), (12a): 


V aVe a? V 

Ves 9 oy Vien por goa V ai mi 
ann Va0 = (7 Vis or Va =a V a0 
and Vas =. Vas or Var = @ Veo 
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D. Three-Phase Fault. 
(a) Conductors not grounded. 
Fault conditions: V.=V,=V. and J,+J,+/.=0 
From (7a): Ja =9 
From-(liay: #¥ a1 — 0 
From (12a): Va. = 0 


(b) Conductors grounded. 


Fault conditions: V, = V, = V. = 0 
From (10a): Vao = 0 
From (lla): Vai = 0 
From (12a): Vos = 0 


Appendix C 


ZERO PHASE EQUIVALENT CIRCUITS FOR TWO PARALLEL 
TRANSMISSION LINES 
It will be assumed that the conductors of all circuits 
are completely transposed, so that the same impedance 
is offered to zero phase currents by each of the three 
conductors of any circuit. 


Fic. 17 


A—PaRALLEL TRANSMISSION Lines Havina IMPEDANCE Z, 
AND Zp AND Mutual Zab 


B—EaQvivaLENtT Circuit To RepLace THE Two PARALLEL 
LinEs BETWEEN TERMINALS 1, 2, 3 AND 4 


C—EQuvuIvALENT Crrcuir To RerLace Two PARALLEL LINES 
Bussep at ONE END But Not at THE OTHER 


1. Two Parallel Transmission Lines. 


(a) General Case. Any two parallel transmission 
lines or portions of parallel transmission lines having 
impedances Z, and Z, and mutual reactance, Z,, 
between them may be replaced at their terminals by 
an equivalent circuit consisting of a six-branch network 
directly connecting the four terminals.” If 1 and 2 
are the terminals of line A, and 3 and 4 the terminals 
of line B, see Fig. 17, then the six impedances of the 
equivalent circuit are: 


Ze Zp a Lav . . 
Z2. = = ne impedance between points 1 
P and 2. 
Le Z» an Lav? * “ 
54 = a impedance between points 3 
7 and 4, 
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Vig Z> a Late A . 
2a = 2a yaa = impedance between points 
a 1 and 3 and between 
points 2 and 4. 
Lis Zs ip Lins” - 
Zi4 = 223 = — age impedance between 
ab 


points 1 and 4 and 
between points 2 
and 3. 
(1c) 
Equations, (1c), were derived by analogy from simi- 
lar equations for the equivalent circuit of a two winding 
transformer given by Mr. George A. Campbell in 
““Cisoidal Oscillations,” p. 890, Proc. A. I. E. E., 1911. 
(b) Two Lines bussed at both ends. If two parallel 
lines are bussed at both ends the equivalent circuit of 
Fig. 17B reduces to a single impedance branch Z, where 


4 1 A EGO 
ar at | 1 1 RST 7 5 Oe 
+ + + 
Zi Zi 23 234 
(2c) 
li Ze 
1 ae 
Z. = a (3c) 


Neglecting Resistance 
x pike, + I. 


2 


(c) Two Lanes bussed at one end but not at the other. 
If the lines are bussed so that points 1 and 3 are together 
Fig. 17B becomes a A connecting points 1, 2 and 4, 
which may be converted into a Y, Fig. 17c having 
branch impedances Z;, Z, and Z, where 


(4c) 


Zi = Zab ) 
Ze = Za aa! Zar | (5c) 
Zs = LZy— Lar 


This case may be extended to include parallel lines 
which are bussed through unequal impedances. On the 
zero phase diagram of an actual system which includes 
two parallel lines it is usually possible to find a point 
where the parallel lines are bussed at one end or the 
other through impedances. Such a point may be the 
ground or any branch point of the system, or it may be 
obtained by A-Y or Y-A transformations. 

If the impedance from the branch point 5 to the termi- 
nals 1 and 8 of the lines A and B are Z, and Z, respec- 
tively, an equivalent Y may be used between points 5, 
2 and 4, having the branch impedances Z;, Z. and Z,, 
where 

Z [a Z ab 


Zo = Zet+La-— Lar 
Z1=2Z2,+2Z,—Za 


These above relations follow directly from (17c) 
if Z, and Z, are the impedances from the junction point 


Case E. ‘Single Line 


ae, TS _ - € 
“ Fapienbes 1931 


et eee 


¥ and Peectore include the external impedances Z, and 


Zp. 


MUTUAL Reerancs BETWEEN TWo PARALLEL 
TRANSMISSION LINES 

From (4c) 

x abe. 2 xX.- aX (6c) 

Equation (6c) gives the mutual reactance X., in terms 

of X,, the reactance of one line alone, and X, the 

reactance of the two lines in parallel. X,, may be 


expressed in terms of X,, the positive phase reactance 


of one line, by substituting for X, and X, their values 
in terms of X). 

For lines without ‘ground wires or with light steel 
ground wires.” 


If X, = Sea end: X, = 2D Xn then 
0.55 5 AD, 
For heavy copper ground wires. 
If X, = 2 Xiand X, = 1.5 X; then 
Xiah == XxX; 


These approximate values for mutual reactance may © 


be used in determining zero phase equivalent circuits 
for two parallel transmission lines when extreme 
accuracy is not required. 


Appendix D 
RELATIONS BETWEEN POSITIVE PHASE COMPONENTS 
OF VOLTAGE AT THE FAULTS AND POSITIVE PHASE 


_ CURRENTS FLOWING INTO THE FAULTS FOR 
Two SIMULTANEOUS FAULTS 


Table I expresses negative and zero phase voltages 


at the point of fault, and currents flowing into the fault 
in terms of the positive. phase voltage at the fault and 
the positive phase current into the fault when grounds 
occur on one or more of the three conductors of a three- 
phase system, taking phase a as reference phase. 


Similar relations for a second point of fault are obtained 


by substituting a, 8, yfora,b,andcin TableI. These 


two ets of relations. from Table I substituted in combi- 


na ions of equations io —(14) allow Va: and Vai to 
be expressed i in terms of Iai and Iq. 
-to-Ground Faults at Two ey 
AG .) corresponding phases a and a. t 
-equat ms Gee one aa and (6) and at) and 


9 


Va = Co ee +0. 5 +80) Ia ei as + 89 I (1d) 
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by a? and adding: adding equations (6) and (11); substi- 

tuting from Table I, A (b) and A (a): 
Vai (Co +8). + C2 + So) La aN (a So + a? So) Ian 
(3d) 
Va= (a? So + @ Se) Ia. + (Do + So + D2 + So) Lar 
(4d) 

(c) Phases ¢ and a. 

Multiplying equation (5) by a? and equation (10) 
by a and adding; adding equations (6) and (11); sub- 


ae from Table I, A (c) and A (a): 


Va = (&) + So + Cs + S2) Tai + (@ So + @ Se) Tat 
(5d) 

(Oh Se) Ihe + (Dy + So + Dz +P S») Pig 
(6d) 


Via = (a So + 


Case F. Line-to-Line Faults at Two Points. 
(a) Corresponding phases b, c and 6, y 
Replacing negative phase currents and voltages in 
equations (10) and (11) by their values in terms of 
positive phase currents and voltages from Table I, 
Bia): 
Va.= C, + Ss) Tar + S2 Daa (7d) 
Vs 7 Se Tt ae (Dz + Se) dort i (8d) 
(b) Phases a, cand 8, vy . 
Substituting from Table I, B (b) and B (a) in equa- 
tion (10) multiplied by a?, and in equation (11): 
Va = C2+ 82) Ia t+@Sole > (9d) 
Va = aS» Toi + (D2 + Ss) Lar 
(c) Phases a, band B, y 


Substituting for Table I, B (ce) and B (a) in equation 
(10) multiplied by a, and in equation (11): 


Var = (C2 +82) Tar taSe2Te ——-(11d) 
Var = @ Sela + (D2 + So) IAS (12d) 
Case CA Double Line-to-Ground Faults at Two Points. 
(a) Corresponding phases 6, c and 8, y 
Adding equations (7) and (12), and (8) and (13); 
and substituting from Table I, C (a )eeee sie 


Dyess a rey ) 
pA eg eae “ail prea) 
(13d) 
So Co aa S2) 


Tas =—Vash WAS year Zon payee Vail Os Z foe. aa 


(10d) 


aT om Fs 
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(b) Phases a, cand B, y. 
Multiplying (7) by a and (12) by a? and adding: 
adding (8) and (13): substituting from Table I, C (b) 
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Transposing and simplifying equations (8) and (13) 
to express Vo in terms of Vo and J. and V2: in terms 
of V.. and Is: then replacing Vao and Vaz by Vai 
from Table I, C (a) and Io and Ia2 by Jai from A (a): 


and C(a): 
Do + So D. + Se a So a? So 
Tat = Vous )-Vai(=—+ ) ~*~ So ae Zoo 
( Foo Z 20 Zoo Z 22 Vix Vai ‘Cee ry Ls TOCTER SE ac. . (28d) 
(17d) 
aS, a Se Co + So C.+ 8. S vA 
in =—V, ae Vax - = 2 a BD | = 
; ( Zo ge) ( Zoo 222 ) Vas i Vai Cy zie Se TA Cs ue Si (29d) 
(18d) 
Solving (17d) and (18d) for V,; and V.1, remembering Substituting (28d) and (29d) in (27d), and replacing 
thata X a =landa+a@ =-—L1: Zoo and Zo» by their values given in (9) and (14): 
Tie [Zoo (Co + So) + Zoo (C2 SERCH ber + (a So Zo + @ S» Zoo) Nis (19d) 
at (Co + C2) (Do + Dz) + (Co + C2) (So + S2) + (Do + Dz) (So + Sz) + 3 So Ss 
Wort (a? So Zoe + a Se Zoo) Tai + [Zoo (Do + So) + Zoo (D2 + S2)] TA (20d) 
at (Go + C2) (Do + Ds) + (Co + C2) (So + Sz) + (Do + Dz) (So + S2) + 8 So Se 
(c) Phases a, b, and B, y. 1 1 
This case may be solved by analogy from (b), a Mee Vel Ce a0 Gy sae ) 
replacing a?, and a? replacing a in equations (19d) 
and (20d). Sa oo 
Case H. Three-Phase Faults at Two Points. + tas ( Cy + So + C. + So ) le 
From Table I, D. Tyensposine (di 
Var = 0 (21d) 
Va =0 (22d) (Co + So) (C2 + 82) 
Val" Ge 6. ecru eee 
Case I. Line-to-Line Fault at C and Single Line-to- ? 9 2. 
Ground Fault at D. ’ 
(a) Phases b, cand a. . SolGr x Baler pale ee (31d) 


Substituting from Table I, B (a) and A (a) in equa- 
tions (10) and in (6) plus (11) 
Ves =a Ln (C, = S2) <a Tat S» (23d) 
Ver = — Lai S2 + Dai (Do + So + D2 + S82) (24d) 
(b) Phases a, cand a. 
Substituting from Table I, B (b) and A (a) in equa- 
tion (10) multiplied by a?, and in equation (6) plus (11): 
Var = Tai (C2 + S2) — Iai 0? Sp (25d) 
ae =—aSelu + Tai (Do = So + De + S») (26d) 
(c) Phases a, b, and a. 
By analogy from (b) replacing a by a”, and a? by a. 
Case J. Double Line-to-Ground Fault at C, Single Line- 
to-Ground Fault at D. 
(a) Phases 6, c and a. 
Adding equations (7) and (12) and substituting from 
Table I, C (a): . 
Do + So D, + Se 
Zoo 32 Zo 


i Si 
)-Veo Zoo ~Ves Zo “ 


(27d) 


Tai=Va 


Co + So + C2 + Se = 


Adding equations (28d) and (29d), and replacing 
(Vao + Vaz) by + Vai from Table I, A (a) and Vai 
by its value from (31d) 


7 Cy + Spline 5 Commer 
(So — S2)? 
+ (Di + D: +80 +8:- gs ey G7 es) Ia 


(32d) _ 
(b) Phases a, cand a. 
Multiplying equation (7) by a, equation (12) by a’; 
adding and substituting from Table I, C (b): 


D5 + So D, ae Se 
dh = Va Diss Tins ) 
So S» 
ANOS V «0 Ze ag a? Var La (33d) 


From equations (8) and (13) and Table I, C (b) and 
A (a) ) | : 


> 
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ne Pee a ae 


Ey rae saber. lh Zia 
Va = 0Va Gg Oo +S wt ORR TN Trace cose 
: i ‘ ie Z 02 
Veni Vargrag -Ie gag; GB y 


Substituting (34d) and (35d) in (33d) and transposing: 


vy, - Cot Se) (Cr + 82) 

aoa: Co + So +C2+ Se 

” a ise (C2 “lz S») +t a Se (Co + So) 
Cot+So+C24+ Ss 


Ta 


is 


‘Adding (34d) and (35d), replacing (Veo + Var) by 


— Va from Table I, A (a) and Ver by its value from 
(36d): 
a2 So (C2 + Ss) oe ee (Co E cas ‘ 
Cot So a Ce +S» 
Stee is che 
Cot So + Cr +82 


Vou a ia 1 A 


(Di Ope se Tr 


; (37d) 
(c) Phases a, 6 and a. 
By analogy from (36d) and (37d) er ce a by a, 
and a? by a. 


Case 16@2 Three-Phase Fault at C and Single Line-to- 


Ground Fault at Di ; 
(a) Three-phase fault not involving ground. 
Substituting Jo = 0 from Table I, D (a) in equations 


(5) and (6), and V2 = 0 in equation (10): 


— Vao = Tao So (38d) 
: — Vio = Tao Ms + So) (39d) 
‘ ia Bing ahls 
aay I a ORE (40d) 
‘Substituting (40d) i in oe atid simplifying 
(41d) 


adding ke), and (Ald) 2 and dsubaiating from peolee I, 
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(36d) 


tower lines are in use. 
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Adding (6) and (11), replacing Io and I. by their 
values given in (44d) and (45d), and substituting from 
Table I, A (a) and simplifying: 


Gs Co So _ 2 
1=(D+4+5°> Gots + Dit Gog ) ta (46d) 
Vao0 = 0 (47d) 
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Discussion 

M. MacFerran: Miss Clarke’s paper is of great practical 
value because, as is pointed out in the introduction, simultaneous 
faults do occur quite frequently. especially when multicircuit 
For example, on the system of the South- 
ern California Edison Co., Ltd., there are many tower lines 
carrying from two to twelve circuits, and there have been several | 
cases in which trouble on such multicireuit structures has in- 
volved two lines going to entirely different parts of the system. 
Another very interesting case of simultaneous faulting occurred 
at a substation which was being operated with buses section- 
alized, one section being on one major station, the other on > 
another. Trouble originating on one bus spread to the other, 
thus producing a condition quite similar to that covered by the - 
numerical emmpie in the 2 papel, : 


therefo 


sett 1g 


e 
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met in cases of greatest practical importance,—7. e., where one 
fault is on one circuit and another is on a different circuit of 
the same grounded system—it seems possible that there may be 
eases where a solution is desired for simultaneous faults on an 
ungrounded system. 

Perhaps because ungrounded systems are more common in 
Europe, the special case of simultaneous faults on a single- 
circuit line of an isolated neutral system has been treated to a 
limited extent in the European technical press,* but Miss Clarke 
has presented a much more general method which can be extended 
to cover such a special case. 

Employing methods similar in nature to those which Miss 
Clarke uses for simultaneous faults on grounded systems, to 
solve for currents and voltages in isolated neutral systems gives 
interesting results. 

On an isolated system, it is obvious that both of two simul- 
taneous faults must involve ground or there will be no zero phase 
currents. 

The equivalent circuit for the zero phase system if both faults 
involve ground will be a simple loop which will usually be easily 
obtainable by calculation. Should complication of the network 
make the use of a calculating table advisable, only one reading 
is necessary, that to determine (C, + D,.), following Miss 
Clarke’s nomenclature. 

The significant fact regarding the zero phase sequence cur- 
rents at the fault points in an isolated system, is that one is the 
negative of the other. Since the zero phase circuit is a simple 
loop there will be a single independent voltage equation that 
ean be written. The two relations to be noted are therefore, 
(cf. equations (7) and (8). 


Tico eg Whey 
Tes Pe. Vao i. Vao 
Cot Do 


As far as the negative phase system is concerned, the grounding 
of the system is immaterial, so that an equivalent Y can be 
obtained for the isolated system as described by Miss Clarke. 
Equations (10) to (14) inclusive of her paper hold for this case. 


As she has shown, there will be six equations connecting the 
components of current and the components of voltage to ground 
at the fault points, and in addition to the two equations connect- 
ing negative phase currents and voltages, such as (12) and (13), 
there are the two equations connecting the zero phase currents 
and voltages J have previously given. This provides ten 
simultaneous equations so that eight unknowns can be elimi- 
nated and the positive components of current, Jg,; and J,, may 
be expressed in terms of each other, the positive components of 
voltage, Vai and Vgi, and the known zero and negative phase 
impedances. Here as in Miss Clarke’s paper, the ten equations 
are linear and we may write: 

Tai =A Wen +B Ver 

Te. = Fla 
where A, B, and F depend on the branch impedances of the 
equivalent Y replacing the negative phase network (C, + Do), 
and the type of faults. Values of A, B and F, can be derived 
for faults which involve various combinations of conductors, 
and tabulated in a form similar to Table II of Miss Clarke’s 
paper. 

In the time that has been available I have not been able to 
find any simple general equivalent circuit which will replace the 
two simultaneous faults in the positive phase system. For the 
special cases of two unloaded feeders radiating from a single 
point and two lines bused at both ends I have worked out 
equivalent impedances to replace the faults. 


*“Double Ground Faults on a Single-Circuit Line Fed from Two Points 
in the Light of Symmetrical Components,"’ by G. Oberdorfer, Wissen- 
schaftliche Veroffentlichen aus dem Siemens—Konzern [X Band 1930. 
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For other than the special cases mentioned, it is evident that 
the method of analytical solution deseribed by Miss Clarke 
may be used for isolated systems, until such time as simple 
equivalent circuits may be brought forth. The two zero phase 
current and voltage relations I stated earlier as holding for the 
isolated neutral case, are substituted for equations (15) and 
(16). There will then be (n + 4) equations with (n + 4) 
unknowns when there are n machines in the system, and a com- 
plete solution can be obtained. 


Although the case of two simultaneous faults on a single-cireuit 
line of a grownded system has not been specifically mentioned by 
Miss Clarke, it is evident that her general methods hold for 
such a case, as C and D are any points at all on a system. 


Viewed from the many different angles presented by different 
types of systems and fault conditions, it seems that Miss Clarke. 
has pointed the way to the solution of almost any problem 
involving simultaneous faults that might arise. 


W.C.Hahn: The material in this paper will be needed for the 
general case of simultaneous faults or open circuits on three- 
phase systems. There are three special cases, however, where 
the procedure can be simplified in making use of either the 
a-c. or d-c. caleulating table. These are the cases of simultaneous 
three-phase, line-to-line, or double line-to-ground faults occurring 
on the same phases. 


For simultaneous three-phase faults, of course, all that is 
necessary is to apply the several faults simultaneously on the 
usual set up. 


For the case of simultaneous line-to-line faults on the same 
phase, such as discussed in Case F, Appendix D, sub-head ‘‘a,”’ 
it is necessary to set up the positive and negative phase sequence 
diagrams simultaneously. Connections between the two net- 
works are made to join the corresponding fault positions. The 
short-circuit plug is then applied at the neutral point of the 
negative phase sequence set up. A little consideration will 
show that this satisfies all the conditions given in Table I, 
providing all the faults are between the same two phases of the 
system. 


The case of simultaneous double line-to-ground faults such 
as is given in Case G, Appendix D, sub-head ‘‘a,’’ can also be 
represented by setting up the positive, negative and zero phase 
sequence diagrams on the calculating table. In this case connec- 
tions between the networks aré made between corresponding 
fault positions in all three networks. 


It will be noted that these simplifications cannot be used for 
simultaneous line-to-ground faults because in this case, it is 
necessary to insert, in the connection between the positive and 
zero sequence setup a negative phase sequence voltage corre- 
sponding to that fault. It may be possible to find an equivalent 
circuit for the negative phase sequence network, which will 
satisfy this condition, but it appears that such a procedure may 
be more complicated than following that given in the paper. 


It is also not feasible to use these simplifications for simul- 
taneous faults on different phases when using the d-c. calculating 
table, because from Table I, it will appear that in at least one of 
the connections between the networks, a phase shift of 120 deg. 
must be introduced both in current and in voltage. While it 
is possible to produce the equivalent of this shift on the d-c. 
calculating table, by various reconnections of the networks, 
it is believed that the method outlined in the paper is simpler and 
oceasions less confusion. 


H. L. Hazen: Until rather recently unsymmetrical short 
circuits on power system networks have been unmanageable in 
any but the simplest cases. Hach of the single unsymmetrical 
faults, as Miss Clarke has pointed out, has previously been 
reduced to an equivalent circuit, representing the fault, which 
can be applied’ to the ordinary positive phase sequence diagram, 
thus reducing the problem to the relatively simple study of a 
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balanced polyphase system. This brings it within the scope of 
ealculating-table attack, rendering solutions practicable even 
with large and complicated networks. 

Miss Clarke in the present paper has extended this treatment 
‘to cover the much more complicated case of two simultaneous 
unsymmetrical faults, treating not only each of the various kinds 
of unsymmetrical faults but most of the combinations in which 
these can occur; and, which is very important from the system 
engineer’s point of view, she has put it in a form well suited to 
ealculating-table treatment. This she has done in a very clear 
and complete manner. 

As she has pointed out, either the d-c. calculating table or a-c. 
network analyzer can be used for the calculations; the former 
where the relatively rough approximations involved in its use 
are satisfactory; the latter where the desire for more accurate 
results dictates the use of the a-c. device. The a-c. network 
analyzer of course enables one to deal with all qualities in com- 
plex form, to use actual values of individual generator excitations, 
and thus to obtain results which are a good approximation to 
the truth. 

In making ealeulating-table solutions of various sorts involy- 
ing equivalent circuits one not infrequently encounters the serious 
difficulty that the real portions of certain impedances are nega- 
tive. These impedances therefore are not physically realizable 
as such by any simple means. For practical purposes this limita~ 
tion can be overcome with relative ease in the following way: 
insert in place of the unrealizable impedance element an adjust- 
able voltage which, in the alternating-current case, is variable 
in both phase and magnitude. With voltmeter, ammeter and 
wattmeter measure the voltage, current, and power of this 
element. By a cut-and-try method adjust this voltage until 
the desired vector relation V = JZ exists as shown by the 
instrument readings. Provided the network as a whole is 
dissipative—which must be the case where the equivalent cir- 
cuits are a representation of actual physical cireuits—there is 
only one vector value of the inserted voltage which will satisfy 
this condition. Practically this process is not difficult to carry 
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out, as has been demonstrated by its use on the M. I. T. Network 
Analyzer, and it removes what otherwise might be an embarrass- 
ing restriction upon certain calculating-table solutions. 

Edith Clarke: It is gratifying to learn from Miss Macferran’s 
discussion that an operating engineer has found the paper of 
practical value. 

Mr. H. W. Bibber by extending the methods of the paper to 
the case of simultaneous faults on ungrounded systems, has 
materially enlarged its scope. 

Mr. W. C. Hahn in his discussion emphasizes the important 
fact that simultaneous line-to-line or double-line-to-ground 
faults on the same phases may be treated most simply as special 
eases. I am glad Mr. Hahn has brought out this point, for 
although the case of simultaneous double line-to-ground faults 
on the same phases has been covered as a special case in the 
paper, no reference to this was made in Table II where the 
constants k, l, m and n are tabulated. 

Under the heading ‘‘Equivalent Y vs. Equivalent A’’ (page 927 
of the paper), it is shown that positive sequence currents and 
voltages at the fault points are satisfied if the zero and negative 
sequence networks are connected in parallel between the fault 
points of the positive sequence system, corresponding fault 
points in the three networks being connected, and also the 
points of zero potential for the three systems. 

In a similar manner from equations (7d) and (8d), by express- 
ing Iq: and Ja; in terms of Vqi and Va; and replacing the im- 
pedances of the equivalent Y by the admittances of the equiva- 
lent A, a proof may be obtained of Mr. Hahn’s statement that 
simultaneous line-to-line faults on the same phases may be 
solved on the a-e. or d-c. calculating table by setting up the 
positive and negative sequence networks and joining correspond- 
ing fault points and points of zero potential in the two systems. 

It is interesting to note from Mr. Hazen’s discussion that 
circuits in which the real portions of certain impedances are 
negative (negative resistances) may now be represented on the 
M.I.T. Network Analyzer: with the same degree of precision 
as the familiar positive resistances. 


Power Equipment at New KDKA Station 


BY RL. DAVIS: 


Associate, A. I. E. E. 


HE new KDKA Station at Saxonburg, Pa., has 
T been designed both for broadcasting and experi- 

mental work dealing with the development of 
large high-power transmitters. On this account the 
equipment is considerably larger than is found in any 
ordinary broadcasting station, the main rectifier being 
the largest high-voltage unit ever constructed for such 
use. The control and transfer features of the various 
power units are also considerably different than would 
be required for a conventional broadcasting transmitter, 
and designed not only with a view to safety and con- 
venience for normal operation, but to facilitate experi- 
mental work as well. 

The equipment and power apparatus has been laid 
out to provide the necessary special power supplies 
to two complete and independent high-power broad- 
casting transmitters, one being operated normally at 
980 kilocycles, using the familiar signature of KDKA, 
while the other is planned for higher frequency work. 
Both of these equipments are designed to operate 
separately but for experimental purposes arrangements 
are made to operate either transmitter from the various 
power supplies of the other, thus providing the greatest 
variation possible in the range of power circuits as well 
as providing virtually duplicate equipment throughout 
for the main broadcasting transmitter. All of the 
power equipment, except transformers and reactors 
which are mounted outdoors, is arranged on the ground 
floor of the main station building, thus leaving the 
second floor entirely free for the radio apparatus and 
control boards. A view of the station building is shown 
in Fig. 1. 

To meet possible future requirements of high power 
transmitters which quite likely may employ tubes much 
larger than any now known, it was deemed necessary 
to provide a plate voltage supply of 900 kw. at 30 kv. 
of high-voltage direct-current energy for the standard 
broadcast transmitter. Similarly, the filament heating 
requirements, were set at 3,000 amperes, 40 volts, and 
the grid voltage supply at 3,000 volts direct current. 
In addition to the foregoing, a moderate amount of 
power at 10 to 15 kv. and still smaller amounts at 3 kv. 
and 400 volts are needed for the various intermediate 
amplifiers and the master oscillator. 

Because of the probable limitation of the high-fre- 
quency tubes it was not considered necessary to pro- 
vide as large a main plate power supply system for the 
short-wave transmitter and therefore the second rectifier 
unit was designed for only 450 kw. at 22 kv. However, 
since either plate supply system may be used with 

1. Westinghouse Electric and Mfg. Co., Chicopee Falls, Mass. 
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either transmitter, the maximum plate power can also 
be used for any high-frequency experimental work that 
may require it. Approximately the same power sup- 
plies are needed for the intermediate amplifiers and 
master oscillator of both the high-frequency and the 
standard broadcast transmitter and therefore these 
were designed in duplicate to provide the greatest inter- 
changeability of equipment. Filament heating re- 
quirements for the high-frequency transmitter were set 
at 2,000 amperes. 

Since all high quality broadcasting equipment re- 
quired pure direct current for grid plate and filament 
supplies, and because all commercial power circuits are 
alternating current, it can readily be recognized that 
the problem of converting the normal three-phase 60- 
cycle supply to meet the special needs of broadcasting 
is one of greatest importance in radio station design. 


The two main rectifiers are of the polyphase type and 
operate directly from the 2,300-volt three-phase station 
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supply. The 900-kw. rectifier employs six 190-kva. 
single-phase transformers to provide the proper voltage 
and phase relations for rectification into the desired 
direct-current energy. Each of these six rectifier plate 
transformers has double high-voltage windings and 
these are connected to form four stars, the branches of 
the stars being displaced in phase by special connections 
so as to produce twelve-phase rectification. Each of 
the stars is connected to multi-anode mercury cathode 
rectifier tubes and the direct current output of the four 
tubes is connected in series so that while the rectification 
takes place in three-phase units the result is the same as 
if a single high-voltage multi-anode tube of twelve 
phases were employed. Connecting four stars in series 
in this manner also requires only a moderate inverse 
peak voltage per tube in spite of the unusually high d-c. 
voltage developed and by keeping the inverse voltage 
well within the conservative upper limit for mercury 
vapor tubes, conditions most suitable for a long trouble- 
free life are obtained. So far no noticeable troubles due 
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to flashbacks and similar disturbances have been experi- 
enced with the tubes now in service at the new station. 
The smaller, or 450-kw. rectifier, is similar to the 
larger one except only three single-phase plate trans- 
formers giving six-phase rectification are employed, this 
being considered sufficient for the voltage and power 
desired. These plate transformers are each provided 
with four high-voltage windings and four stars are 
formed which are connected to a similar number of 
rectifier tubes, as in the case of the twelve-phase recti- 


- fier, but only six-phase rectification is obtained as no 


effort was made to provide the special phase relations 
between the various stars as in the case of the larger 
unit. 


DAVIS: POWER EQUIPMENT AT NEW KDKA STATION 


i I Note 
= No Interconnection Her 


+00 


Connection of the transformer banks and associated 
yaratus for the main rectifiers is shown schematically 


ons employed on the supply side of the 
ers in the 900-kw. rectifier to provide 
relati the rectifier tubes. It 


. 2. Reference to this diagram indicates the size and cost. Fig. 3 shows the arrangem 


943 


‘sides of the delta-connected bank, stable phase relations 


of the desired displacement can be obtained. Also, the 
windings are more nearly the same voltage so that only a 


‘slight excess kva. capacity and proper taps are required 
‘to make all six transformers exactly alike, which permits 


connection of a single unit into either star or delta 
groups, an important feature in providing for reserve or | 
spare equipment. 

To smooth the rectifier output into pure continuous 
current, untuned filter circuits made up of large iron 
cored reactors and banks of high-voltage condensers are 
connected between the rectifier tubes and radio equip- 
ment. ‘The rectifier plate transformers and filter reac- 
tors constitute quite a percentage of the total bulk of 
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power equipment and are mounted out-of-doors in the 
rear of the building, thereby saving considerably in its 
of this 


apparatus within the enclosure at the rear 
building. yale 
In order to control the d. 
fier, three- 
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entire range of voltage without steps, it seemed advis- 
able to install sufficient regulator capacity for this 
purpose. Induction regulators of the size needed, if 
made self-cooling, would occupy considerable floor 
space but since water-cooling facilities were also re- 
quired for the radio tubes, it was possible to employ 
water-cooled regulators with considerable advantage, 
both in initial cost and space saved. Motor operation 
is provided for both rectifier regulators which makes it 
possible to control the high-voltage direct current 
supplied to the radio equipment from any one of several 
push-button stations located conveniently in the main 
transmitter and control rooms. A simple position 
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tohigh-voltagecircuits. Alternating- and direct-current 
overload relays are provided to shut down the equip- 
ment in event of trouble necessitating the removal of 
plate voltage. An oil circuit breaker, manually operated 
from the main switchboard, is also furnished. This 
circuit breaker is equipped with dash-pot overload re- 
lays set to trip on continued or extreme overload 
conditions. 

The tubes used in the main rectifier are of the glass 
envelope mercury cathode type, somewhat similar to 
ones formerly used for operating d-c. series are light 
circuits, except that they are larger and have three main 
anodes. Two small sustaining arc anodes and one 
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switch on the regulator rotor, operating signal lights in 
the main transmitter room, gives an approximate 
indication of what voltage will be developed by the 
rectifier before the power contactors are closed. Actual 
power control of the rectifier is handled by air-break 
contactors, similar to those used in mine-hoist control, 
operating directly in the 2,300-volt supply to the induc- 
tion regulator and plate transformers. Additional 
push-buttons and signal lights at the various stations 
around the transmitter room enable control of the power 
contactors and indicate their condition of operation. 
The contactor control circuits are interlocked for safety 
to the operators through switches on doors giving access 


starting mercury anode are also provided in each tube. 
One of these tubes is shown in Fig. 4. In operating, 
the tubes are fully immersed in oil, each mounted in a 
separate oil tank in a cradle by means of which it can be 
readily removed from the oil. All necessary connec- 
tions are made when the cradle slides into place, thus 
permitting tube changes to be conveniently made with 
minimum effort. For interchangeability, tubes of the 
same rating are used in both main rectifiers. A view of 
the four tube tanks of the 900-kw. rectifier is shown in 
Fig. 5. 

Automatic tilting mechanisms for starting the sus- 
taining ares are provided. This permits the rectifier 
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to be placed in operation from a remote push-button 
station with no more attention from the operator than 
the switching on of the filament heating circuit of hot 
cathode tubes. The starting mechanism functions in 
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one to two seconds, after which it is immediately 
possible to apply full operating plate potential if de- 
sired. The sustaining ares, once established, maintain 
the tubes in readiness for operation when desired with- 
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Fig. 4—Hieu-Voutace Mercury CatHopr TUBES 


out further use of the starting mechanism unless the 
power supply circuit is interrupted. Very little energy, 
about 120 watts per tube, is required to operate the sus- 
taining ares. This is low compared to filament type 
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tubes since the mercury cathode automatically provides 
emission as needed at the hot spot in the mercury pool 
and therefore the power for the sustaining are does not 
need to maintain the maximum emission at all times. 
Mercury pool rectifier tubes such as these described, 
while not commonly employed heretofore for radio 
power apparatus, appear to have a number of desirable 
characteristics, particularly in installations of such 
size that the use of filament tubes would require a great 
number of them both in series and parallel to furnish 
the equivalent amount of high-voltage direct-current 
energy. 

In all but very small telephone transmitters, direct 
current is required for filament heating. With even 
the largest sets now commercially built this can be 
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readily obtained from a single motor-generator set and 
with fairly simple control to give the necessary tube 
protection against insufficient cooling water, this latter 
being accomplished by merely stopping the whole unit 
or preventing its operation when there is not enough 
cooling water circulating through the tube jackets. 
Also, gradual application of filament voltage, which is 
essential in the starting of large tubes, is obtained by 
merely having the machine connected with the tubes 
when building up. 

To operate the new Saxonburg broadcast transmitter 
in this manner, would require a 3,000-ampere generator. 
While high-current low-voltage machines are available, 
these are generally unsatisfactory for radio station use, 
being built primarily for electrolytic or battery charging 
work where ripple is not important. It being con- 
sidered inadvisable to develop a special generator for 
this installation, it was felt best to arrange for the 
operation of standard generators in parallel. Although 
this is common practise in power work, it complicates 
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the filament supply problem by making necessary the 
operation of all machines in unison to obtain the control 
advantages of a single unit system. 

In view of the filament requirements of both low- and 
high-frequency transmitters, a total of six 1,000-ampere 
generator sets was installed, three being normally 
assigned to the low-frequency set and two to the high 
frequency equipment, leaving one in reserve. A view 
of the filament generator installation is shown in Fig. 6. 
Fach generator is conservatively rated at 1,000 amperes 
at 40 volts and will carry 1,200 amperes for several 
hours without excessive heating. The generator design 
includes special features such as large air gaps, skewed 
slots and a high number of commutator segments which 
have been found very effective in reducing commutator 
noise to a sufficiently low value such that no filter is 
required when these generators are employed in radio 
broadcasting station operation. Excitation is obtained 
from a separate d-c. circuit provided in the station for 
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such service, and while interpoles are used, no series 
field is employed, the regulation of the machines being 
satisfactory, and parallel operation much simpler, with- 
out any compounding. A line-start type 75-hp. motor 
drives each generator and operates directly from the 
2,300-volt three-phase station supply with only a simple 
magnetic oil contactor for control. Although the 
generators, when in parallel, are operated in unison,the 
motors are started individually so as to reduce the peak 
power demands as much as possible. 

While the filament generators were balanced to 
operate very smoothly it was felt advisable to insure 
that no vibration from these large machines was trans- 
mitted to the building structure and radio equipment 
and special provision was made to accomplish this. 
Each motor-generator is mounted on a concrete base 
and the whole assembly supported on cork pads. The 
area of the supporting cork is so designed that compres- 


sion stress is carried to a point where maximum resili- 
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ence is obtained, thereby producing the greatest 
absorption of vibration produced in the machines. 

The distribution of a filament current is accomplished 
over a heavy copper bus structure, over 4,000 lb. of 
copper being used in its construction. Each filament 
generator is provided with a transfer panel, by means 
of which both field and output circuits of all generators 
to be operated in unison are paralleled. A master field 
rheostat furnishes the main filament voltage control 
with individual rheostats on each machine to make 
slight adjustments for equal distribution of load. 
A transfer bus is used so that machines may be grouped 
as desired and any machine removed from service with- 
out handicapping the station operation. Suitable low- 
water protection is accomplished by interlocking the 
main exciter circuits with the water relays so that no 
filament voltage can be built up until the tube water 
conditions are satisfactory. A special starting step of 
field resistance is also interlocked with the filament 
excitation control so that a damaging current rush does 
not take place when excitation is applied to cold fila- 
ments which possess only about 10 per cent of normal 
operating resistance. 

Besides the six motor-generator units installed for 
filament heating service, there are four 10-kw. 3,000- 
volt generators which are arranged to furnish the plate 
circuit energy for the smaller intermediate amplifiers 
and also provide grid bias voltages for the radio tubes. 
In receivers and small transmitters, rectifiers can be 
used very conveniently to supply the grid voltages 
involved. However, in large broadcasting transmitters, 
particularly those employing low power modulation 
with linear amplification in the power amplifier stages, 
rectifiers are not well adapted for this service since they 
are inherently incapable of passing current in opposition 
to their generated voltage, which is an essential require- 
ment in the operation of broadcasting transmitter power 
amplifiers. While a relatively large rectifier can be 
used with a load resistance to permit the passage of grid 
current, this is rather wasteful in any except small sets. 
Direct-current generators are, however, particularly 
well adapted for grid circuit service since the generator 
internal resistance is low and good voltage stability is 
maintained regardless of the fluctuation of grid current 
due to modulation. This latter characteristic is particu- 
larly important. The tubes used in the high power 
amplifier require grid potentials at approximately 3,000 
volts and since the intermediate plate power circuits 
require voltages of the same order, similar motor-genera- 
tor sets can be used advantageously for both services. 
Doing so permits the greatest of interchangeability and 
allows the minimum spare equipment-for a given instal- 
lation. 

Of the four 3,000-volt generator units now in- 
stalled, it is planned to operate one for plate power to 
the main broadcast transmitter and one each for grid 
potential for the broadcast and high-frequency trans- 
mitters. This allows one for reserve since the high- 
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frequency transmitter is equipped with its own self- 
contained six-phase intermediate plate rectifier that will 
be used for normal operation. The intermediate plate 
supply generators develop 3,000 volts using two com- 
mutators in series and are provided with filters to reduce 
the commutator ripple. The driving motors are of the 
line-start type for simplicity of control and generator 
excitation is taken from the station supply. 

To make more simple the problem of interchanging 
connections, all the generators have one terminal per- 
manently connected to the filament bus or ground 
circuit. This is possible since the change of polarity 
necessary when changing from plate to grid voltage 
service is very easily accomplished by merely reversing 
the excitation. Even with this simplification the pro- 
viding of the necessary interconnections of eight ter- 
minals to four different circuits by conventional discon- 
nect switches would be very difficult. A cable and jack 
board was considered but thought to be unsafe at the 
voltages involved because of the danger from cable 
insulation failure and uninserted live plugs. However, 
it was possible to provide all the necessary connections 
through the use of a bar and plug board without cables 
and virtually eliminate the live plug danger. This 
was accomplished by a special design of dead front 
panel with vertical and horizontal interconnecting bars 
in the rear to which the transmitter circuits and genera- 
tor terminals are connected, the desired combinations 


Fia. 7—Main Sration Controu BoarpD 


being effected by plugging through from the front of 
the panel. In this manner all cables were eliminated 
and by careful design the plugs were rendered safe on 
withdrawal, since they become dead before being ex- 
posed sufficiently to allow the operator’s coming in 
contact with current carrying parts. 

Adequate control of the various intermediate ampli- 
fier stages in the transmitter requires the opening and 
closing under load of 3,000-volt d-c. circuits and a 
special 3,000-volt 2-ampere contactor was developed 
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for this service. This contactor has two air breaks in 
series, equipped with magnetic blowouts, and is ar- 
ranged with special mechanism to provide rapid contact 
travel and wide openings. A severe test successfully 
withstood by one of these units consisted in operating it 
once a second for over 200,000 times, breaking 3,000 
volts, 5 amperes, direct current supplied to a load con- 
sisting of a resistor and a 14-henry choke connected 
in series. 

The control scheme, in so far as possible, has been 
arranged to make it unnecessary for the operator super- 


Fig. 8—SuBstTaTion Fenping STATION 


vising the equipment to leave his position in the main 
transmitter room in the normal course of operation. 
This is accomplished by the remote control of all driving 
motors for generator sets and rotating equipment being 
centralized in push buttons on the main station switch- 
board, at which one of the operators is located. Simi- 
larly, the control of the power supplied to the radio 
equipment is effected through remote control of high- 
voltage contactors from the main station switchboard 
together with field rheostats conveniently grouped 
there. Relays and interlocks are provided so that only 
the proper sequence of operation is possible. These also 
function in event of severe or abnormal conditions to 
remove the power from the circuits in trouble including 
all those following in the pyramid of amplifiers. Signal 
lights adjacent to the push buttons indicate the state of 
circuit relays and response of contactors being con- 
trolled. Where circuits, carrying dangerous voltages 
are involved, two signal lights of distinctive colors are 
provided to indicate open or closed conditions, as is 
common practise with circuit breakers. Meters enable 
the operator to obtain directly, or through the use of 
multi-point switches, the essential conditions of all 
important transmitter power circuits. Besides the 
signal lights and push-button control position on the 
main board, auxiliary positions are located at conven- 
ient places about the transmitter itself and in the audio 
control room which permits the operator on duty there 
to control the equipment should occasion arise. This 
latter is an aid to safety and is facilitated by the operat- 
ing portion of the control room being elevated so as to 
overlook the main transmitting floor. 
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One of the panels on the main station control board, a 
view of which is shown in Fig. 7, provides control of the 
outdoor station which furnishes the power used. All 
controls and meter leads from the circuit breakers and 
instrument transformers are brought under ground 700 
ft. to the main building so that it is possible for the 
operator to have control of the power line supply circuits 
and equipment without the delay that would be oc- 
casioned if it were necessary for someone to go to the 
substation structure for the operation of circuit breakers. 
The substation is fed by a 25,000-volt loop and the 
circuit breakers are arranged with relays which in event 
of trouble will automatically disconnect whichever end 
of the loop becomes faulty and enable service to be 
continued without interruption. 

Three 500-kva. single-phase 25,000 to 2,500-volt 
transformers are employed to step down the power 
service to potentials suitable for use in the radio station. 
Power purchased is metered on the high-voltage side of 
the transformers through the use of outdoor metering 
equipment. 

From the low-voltage side of the transformer bank 
power is carried over two three-phase 2,500-volt 
armored cables laid directly in the ground without 
special duct. The two cables are tied permanently in 
parallel but in case of failure one could be quickly dis- 
connected allowing limited operation on the remaining 
circuit. 

Circuit breakers such as those in the substation are 
normally tripped and closed by the use of 110-volt 
d-c. power. While only a small amount of current is 
needed for tripping, the closing operation requires nearly 
100 amperes for coils when wound for 110 volts. To 
deliver this amount of current to the substation would 
require a large battery to be installed for this purpose 
alone, either in the radio station or in a special building 
at the substation structure. Moreover, if the battery 
were located in the radio station the distance would 
require large cables to prevent’ undue voltage drop. 
A special 110-volt battery being very undesirable, the 
necessity for one was eliminated by employing the 400- 
volt storage battery for this service. Special 400-volt 
coils were used in the circuit breakers which reduced 
the current required so that no special cables were 
necessary to maintain the proper voltage at the circuit 
breakers notwithstanding the considerable distance 
involved. 

Besides the major power units required, particularly 
for the radio equipment, there is a considerable amount 
of conventional equipment such as exciters, tube-cool- 
ing water pumps, blowers, battery-charging equipment, 
as well as station service transformers for the small 
power units, lights and heating, which hardly need 
description. ‘Two six-cell 1,600-ampere-hour storage 
batteries are furnished for the filament supply of the 
audio and synchronizing equipment in addition to the 
400-volt battery already mentioned which is used for 
plate supply to equipment employing small tubes. 
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Whereas one battery will suffice for plate service, since 
it ean readily be floated or charged while in service by 
the employment of suitable filters on the charging equip- 
ment, two filament batteries are advisable, each capable 
of handling the entire load for a day, since it is very 
difficult to remove the noise developed by charging 
equipment where large currents are involved, and con- 
siderable of the amplification follows the tubes operated 
in this manner. These large batteries also supply cer- 
tain essential indicating lamps pertaining to the sub- 
station circuit breaker control which require continuous 
illumination even in the event of power failure. 


Although the water-cooling system may not be con- 
sidered as part of the electrical power equipment, 
certain features of it are rather interesting. In many 
broadcasting stations the water directly cooling the 
radio tubes is in turn cooled by a system of radiators 
and blowers. This method if employed at KDKA’s 
new station would require a very large and expensive 
installation because of the much greater dissipation 
involved. Instead of employing such an installation 
advantage is taken of the natural high level of the 
ground water by excavating a small pond from which 
sufficient water can be obtained for cooling the tube 
water by means of heat interchangers. 


While commercial broadcasting stations as yet do 
not require equipment as large as that installed in 
KDKA’s new plant, nevertheless it is only by actual 
construction and use of such apparatus that the develop- 
ment of commercial stations to give safe and economical 
operation can well be carried out. Itis also hoped that 
data can be obtained which will be of value not only 
in the specialized field of radio engineering but to elec- 
trical science as a whole. 


Discussion 


R. L. Young: The paper mentions that the capacity of the 
power plant is considerably in excess of present use. Is the 
whole station on the same basis and what is its maximum rating 
as ratings of stations now go? : 

Also what is the approximate commercial cost of a station 
of this power? 

R. L. Davis: Practically all of the power equipment at the 
KDKA Station has installed capacity much in excess of the 
present power output licensed by the Federal Radio Commission 
in order that experimental work involving wide variations in 
current and voltages may be carried out. A maximum radio- 
frequency power output of three to four hundred kilowatts will 
be possible with the station operating at full capacity of the 
power supply unit. This is approximately six to eight times the 
rated capacity of the largest stations now licensed commercially 
in the United States. 

Inasmuch as the equipment installed at KDKA involves so 
many experimental features, the commercial cost of a station 
equipped in this manner will not compare favorably with one 
designed solely for commercial operation. Noestimates have been 
made on the commercial station of this power. A number of 
comparative figures on the cost of broadeasting stations has 
recently been published.* 


*See June issue of Electronics ‘The Dollar Cost of Broadcasting Stations” 
compiled for the National Advisory Council on Radio in Education. 
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Synopsis.—The nature of power requirements for telephone 
offices is discussed, with emphasis on continuity of service. Auto- 
matic controls are indicated because of their more exact performance, 
with consequent reduction in variations and in interruptions and 
their saving in maintenance, particularly with 24-hour operation 
demanded. Developments are traced, showing an increasing trend 
toward automatic regulation and control of main power supplies, 
ringing and other signaling energy sources. 

The development of ‘‘unit type power plants’’ for telephone offices 


and 
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is discussed and information is given on a number of standardized 
plants which operate upon a full automatic or a semi-automatic 
basis. These furnish power supply for manual, toll, and telegraph 
central offices, for magneto offices and for manual and dial system 
private branch exchanges also for small dial system central offices. 
Favorable operating experience points the way toward further 
introduction of automatic devices which will place most telephone 
power plants, except those in the larger dial system offices, in a 
position to operate themselves over considerable intervals of time. 


tinuity is regarded as important, perhaps the 

key-note guiding developments, and equipment is 
provided to furnish service 24 hours each day in the year 
and year after year. In times of storm or emergency 
when other public services may be prevented from 
functioning the telephone service will often be particu- 
larly important and may have to carry heavier loads. 


y ; \HE nature of telephone service is such that con- 


RELIABILITY 


In order to maintain service the first essential is to 
have the necessary power available; and in this respect 
the telephone power plant has made a creditable record 
for reliability. It has survived fires, floods, and light- 
ning. The basement of one metropolitan office, for 
example, was completely flooded by a broken street 
water main which resulted in the burning up of the 
regular 2,200-volt a-c. switching equipment, but the 
240-volt d-c. service which had been provided there as 
an emergency continued to hold in under water and the 
drive motor equipment on upper floors in this case 
automatically transferred to this source, while the 
storage battery as usual provided the required low- 
voltage direct current. In another case an open-tank 
storage battery continued the office in operation though 
submerged by rising flood water from a nearby river. 
In another metropolitan office lightning struck the 
power service on a pole across the street, turning the 
transformer vault in the telephone building into a 
blazing furnace. The fire walls and steel door held, 
permitting continued operation of the power plant upon 
an emergency gas engine in another part of the basement. 


An attempt has been made to estimate the percentage 
of the time during which the power plant is available for 
use. Complete failures such as would result from in- 
ability to provide a direct current from the battery or 
generators are of rare occurrence. Partial outages re- 
sulting from failure of the ringing current will become 
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embarrassing if continued for any substantial time, such 
as for several minutes. Inquiry has been made as to 
both types of interruptions in a metropolitan division 
having 23 offices in 1910, 68 at present and an average of 
42 offices in use during the past 20 years. The reported 
time out for the main power supply in all offices during 
20 years averaged two seconds per year per office. The 
loss of ringing current on the other hand, including both 
complete and partial failures to certain groups of equip- 
ment, was about two minutes per year per office. These 
suspensions of ringing current did not interfere with 
conversations in progress, most of them merely resulting 
in a slight delay in getting through new calls. Taking 
the larger failure figure the power plant service is good 
more than 99.9996 per cent of full time. 


REQUIREMENTS 


In order to secure reliability it is necessary that the 
main source of immediate telephone power may be of a 
type not subject to interruption or failure and that the 
various machines and important accessories be provided 
in duplicate. More than one source of primary power is 
also needed unless there is storage of reserve power in 
sufficient quantity to bridge over the times during which 
interruptions may occur. Provision for quick change 
from regular to reserve equipment is necessary. The 
main source of d-c. supply must be controlled within 
close voltage limits for certain types of plants, while the 
several kinds of signaling machines must be operated 
within established voltage and frequency limits. 

These requirements point to the use of automatic 
regulating equipment and automatic operating arrange- 
ments to as large an extent as practicable, particularly 
since they must be maintained effective both day and 
night. For the main d-c. power a regulated reserve 
storage battery best meets conditions. No equipment 
is infallible, being subject to wear, deterioration, and 
accident; neither is a human attendant perfect. By care 
in selection of equipment, by provision of spare parts, 
and by sufficiently frequent testing to bring out any 
defects which may develop before they cause a service 
interruption, it is believed that a greater degree of 
reliability can be secured by automatic means than is 
possible by manual. 
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HISTORICAL BACKGROUND 

The use of automatic power plants, though recent, is, 
of course, not new in the electrical art, and our friends 
in the light and power industries, including also the elec- 
tric railway field, have made very substantial progress 
within recent years. In fact, it would seem that a 
high degree of perfection has been obtained with their 
automatic substations and automatic hydroelectric 
plants. 

_ This excellent public service power supply is used as 
the primary source in practically all telephone offices 
built within recent years, except in a few repeater in- 
stallations in isolated districts. This power, however, 
can not be applied to telephone circuits as received, 
but is converted into direct current and alternating 
current of various voltages and frequencies, although 
in panel dial offices the outside service is used directly 
to operate small motors driving switching equipment. 


EARLY AUTOMATIC PLANTS FOR CENTRAL OFFICES 


Among the earliest installations of automatically- 
operated power equipment in regular telephone central 
offices were some in Pennsylvania where signaling 
hydrometers controlled automatic solenoid-operated 
switches to connect automatic starting mercury-are 
rectifiers. A single battery equipment was. put into 
service at Berwyn in April, 1917, and during the same 
year an installation was arranged for Donora in the 
Pittsburgh district, and one for Wayne with certain 
improvements and additions to the automatic circuit 
to take care of two batteries. 

These plants had the batteries usual at small manual 
central offices, a larger 24-volt No. 1 main battery, and 
a smaller 24-volt No. 2 battery connected in series to 
give 48 volts for toll transmission. Since drain on the 
latter was relatively light, several days’ reserve was 
economically provided. Either of the batteries could 
secure the services of the single charging rectifier if 
idle when a charge was needed. However, if the main 
No. 1 battery discharged to a predetermined point, 
while the rectifier was charging No. 2, the rectifier im- 
mediately switched over, and after the No. 1 charge was 
completed again took up the interrupted charge on 
No. 2. If, on the other hand, No. 2 arrived at the 
charging stage while the rectifier was busy on No. 1, 
it. had to wait, but an alarm lamp visible to a switch- 
board operator was lighted. Alarms were given when 
for any reason either battery discharged 50 per cent of 
its capacity, also when the rectifier did not start the 
charge promptly after one of the hydrometers indi- 
cated that a charge was required. Some of these plants 
are still in satisfactory operation, one being at Oakmont 
near Pittsburgh. These ingenious control circuits were 
suggested by engineers of the Bell Telephone Company 
of Pennsylvania, the immediate urge being elimination 
of overtime attendance for charging Saturday afternoon 
and Sunday, since batteries were not large enough to 
carry the offices safely over this period. 
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THE MODERN AUTOMATIC PLANT 


Much of the same general arrangement can be seen 
in the most recent plants designed for small offices, 
which will be described in detail later, in which the 
signaling hydrometer has been replaced by an ampere- 
hour meter with operating and alarm contacts while 
the mercury arc rectifier has been replaced by a hot 
cathode tube type which is self-starting without any - 
mechanical equipment other than that necessary to 
turn on the power. The newer rectifier is lower in cost, 
and two or more are provided as necessary to avoid 
switching between batteries. 

The ampere-hour meter is more sturdy, is cheaper 
than the earlier control device and is equipped to pro- 
vide some overcharge each cycle, which can be adjusted 
to the amount needed by the operating cycle used. 
This eliminates the periodic overcharges formerly given 
under manual supervision. 

In the case of larger automatic plants it is necessary 
to have a number of the machines controlled automati- 
cally in their several characteristics as well as to provide 
equipment to start, stop or continue them in operation 
as required. It is believed that it will be of interest 
to mention some of the equipment developed to accom- 
plish this. In most cases it was found that regulating 
equipment commercially available was not suitable 
for the special conditions involved in the telephone 
power plant and the modifications made will be 
described. 


Regulation of Main Central Office D-C. 
Voltage 


STORAGE BATTERIES AND CHARGING MACHINES 


With the more extended use of panel type dial equip- 
ment by the Bell System inaugurated about a dozen 
years ago,* it appeared that voltage control of the main 
central office batteries by use: of counter e. m. f. cells 
then employed was not economical in large sizes. The 
plan at that time was to provide several counter cells, 
one or more of which was normally in circuit to reduce 
the battery voltage to required limits. During dis- 
charging of the battery, the counter cells were cut 
out, while for charging additional counter cells were 
introduced. 


THE FLOATING SYSTEM AND MANUAL REGULATION 


A duplicate battery system was developed and addi- 
tional “emergency cells” of the regular type were pro- 
vided.‘ The duplicate batteries were so connected with 
switches that either one could be disconnected from the 
circuit for charging as might be necessary and after- 
wards reconnected without interrupting the circuit, 
the remaining battery, in the meantime, being floated 
at a constant voltage from charging generators which 


3. Semi-mechanical at Newark in 1915; full mechanical at 
New York toll tandem, 1920, local offices at Omaha, 1921, New 
York, 1922. 


4. U.S. Pat. 1,468,096, Sept. 18, 1923. 
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were also connected to the office load. This eliminated 
the increased voltage upon the office circuits during 
freshening .charges so no counter cells were needed, — 
while the emergency cells were also available. for con- 
nection in the office supply circuit to maintain the 
entire battery voltage at its usual value during an 
emergency discharge. 
This system used the economical plan of “floating” 
the storage batteries, preferably as near to 2.15 volts 
per cell as the arrangements provided allowed, at which 
value they would absorb just the proper amount of 
current to keep them permanently in good condition. 
With an office load fluctuating widely during a day’s 
time it was, of course, found difficult to maintain a 


aa—tnl 
4 8 10 NOON 2 r) 
- TYPICAL LOAD-SMALL MANUAL RESIDENCE OFFICE 

00 : 
i) Belloc: j [ | 
G — ass 
& soo} j | [sal Sa + ast — 
3 ; : ; =| 48-VOLT] ’ 
0300) ia ; = = 
ane TNS an Bl 
200 fee ieee + 
wW 4 . - ' : 
Fro tt a hdica cy AN A 
Seal “he4vouT] | | AS Ay 
cue 5 : — asset ae hel 

{22 S6e ee Spee = 


“MONT “2 47 6" 86) “IIOMNOON) ©F° 14 = 6. 6) 10° MONT, 
TYPICAL LOAD-PANEL DIAL RESIDENCE OFFICE — ‘ 


600; 7 
eS =VOLT (FILAMEN 
meee ; i 
8 SaaS I janimataal 
© 400|-+— — da fe EE 4 
he : im 
a ip 4 fi 
- . a [ aft MY | lig = cy pee 
a a ws is Elk 
” ak | = r = 
6 MDNT SRC IDEINCONT CR 14], Samiea 100 NDNT: 
. TYPICAL LOAD- THROUGH TELEPHONE, REPEATER PLANT 
a . 


r 6 ae ee as se eaniest is eet 
nt of normal charging r ate. 


ce Loap CURVES 


AUTOMATIC POWER PLANTS FOR TELEPHONE OFFICES 


951 


sion is very light. Automatic power plants for loads 
of this character are in satisfactory operation in both 
manual and dial offices, the larger sizes, however, not 
being available yet as coded plants. 

Group B shows a typical panel dial unit in a residen- 


tial district, in which it will be noted that the current 
demands as far as voltage is concerned are quite re- 


versed. In such an office the main operating power is 
taken at 48 volts, while the local talking or transmission 
load is at 24 volts. 

Group C shows an entirely different load, a through 
repeater central office with nearly constant currents to 
light the filaments and supply the plate circuits. Most 
of such repeaters are kept in operative condition con- 
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known that the power used to carry voice currents over 
a telephone line is very small but it is not always appre- 
ciated that considerable equipment must be operated in 
the central office to generate, supervise, and control 
this. The peak load of an ordinary day for long dis- 
tance is about 5,800 amperes at 24 volts with another 
4,500-ampere peak in the evening when social long- 
distance traffic is encouraged by lower rates. Over 
10,000 amperes in 24-volt generators and a reserve 
battery of 34,880-ampere hours weighing 111 tons are 
now provided, also 1,200 amperes additional in 130-volt 
generators. In addition to the reserve batteries, 
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Fig. 2—Typicat Batrery VOLTAGE VARIATION 


Unregulated, using early ‘“‘charge-discharge’’ method of operation 


reliability is insured by duplicate a-c. feeders from 
one generating system and by several d-c. feeders from 
a different generating system. 

Over 1,000 motor hp. is required to drive these 
charging machines and a vacuum tube system to handle 
tickets, part of this being reserve. The New York 
Long Distance Building, including the addition now 
under construction, also contains a toll and some local 
offices and is believed to be the heaviest powered build- 
ing in the entire city, with a-c. and d-c. services provided 
for a total office and building connected load estimated 
at 10,000 hp. in 1934. 


For the load illustrated by groups D and EH automatic 
voltage regulating equipment is in use, but automatic 
power plants are not yet developed, results on smaller 
installations being awaited. 


VOLTAGE REGULATION BY MANUAL CONTROL 


Under the system of battery and generator operation 
formerly in common use in manual central offices a 
range of about 7 volts or 28 per cent was not uncommon 
when no effort to regulate was made, as shown in 
Fig. 2. . 

More than a dozen trials of the continuous floating 
method of regulating voltage manually were put into 
operation during the year 1919 in New York, Boston, 
Philadelphia, and Chicago, following earlier tests. The 
regulation normally obtained with frequent manual 
adjustments reduced the variation to 2 volts, equaling 
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8 or 9 per cent as shown in the recording voltmeter 
chart, Fig. 3. 
IMPROVEMENT WITH THE CAM TYPE REGULATOR 


Several types of commercial automatic regulators 
were tried but were not found satisfactory. Because of 
the time lag of the storage battery in arriving at a stable 
voltage after the input current was changed, regulators 
which worked upon a rapid basis such as the well-known 
solenoid type gave rise to severe and continuous hunting. 
A Wheatstone bridge type of voltage*recorder modified 
to act as a regulator, in conjunction with a separate 
motor-driven rheostat, was found to be the most satis- 
factory. Following this a so-called ‘cam type” auto- 
matic voltage regulator was developed and has given 
very satisfactory results over several years. It is 
usually adjusted to maintain the voltage within one- 
half volt total variation or slightly less on the 24-volt 
battery, holding voltage within 1 per cent of mean value 
as shown in Fig. 4 which covers a section of chart on the 
earliest experimental model. 

This is close enough for the purpose, and does not 
involve the more or less continuous operation which may 
result from a narrow setting which responds to minor 
battery voltage changes caused by fluctuating loads. 
A duplicate installation of the latest regulators of this 
type, together with their switching equipment to control 
generators on two batteries is shown in Fig. 5 from 


Fig. 3—Vourace or Continvousty Fioatep BatTERY 


With intermittent manual adjustment of generator, or “hand regulation” 


which the regulator will be seen to consist essentially of 
three parts: 

(1) A sensitive solenoid contacting device working 
in conjunction with (2) a motor-driven cam delay 
equipment which at intervals is in position to energize 
contactors to control (8) a drive motor geared to a 
rotary face plate resistance box. 

These are mounted in a steel cabinet with doors on 
the front and on the back, and arranged for assembly 
in the power board lineup or upon a separate framework. 
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The cam motor is usually of the synchronous clock 
type taking very small energy and giving a uniform 
speed. The contacting cam is so shaped and positioned 
that no contact is made when the battery voltage is 
correct but when the voltage is high or low, contact for a 
second, more or less, is made at intervals of ten seconds. 
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operation were increased and more complicated ar- 
rangements were needed for automatic ringing, for 
providing tones and other signals and in larger units for 
charging the battery economically under the load varia- 
tions likely to be encountered. 

In selecting equipment for this service advantage was 
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Fie. 4—VoutTace Cuart Harty Moper.t Rotating Cam-Tyre REGULATOR 


Automatically adjusting a motor-driven generator field rheostat, variation + 0.15 volts 


The duration of contact varis direectly with the amount 
that the main battery voltage deviates from normal, so 
for slight deviations very short corrective impulses are 
given. When variable 24-volt and 48-volt loads are 
taken from the same string of battery cells a regulator is 
used across each section. This device for the first time 
satisfactorily solved the problem, which had engaged our 
attention for several years,’ of regulating battery voltage 
closely and automatically. 


Typical Unit Type Power Plants for Tele- 
phone Offices Arranged for Automatic 
or Semi-Automatic Operation 


As previously outlined the need for automatic equip- 
ment in telephone and telegraph power plants to meet 
the increasingly more stringent requirements for local 
and long distance communication led to the develop- 
ment of several small power plants which in normal 
operation are fully or partly automatic and require 
practically no attendance other than routine mainte- 
nance. The following descriptions and _ illustrations 
briefly picture some of these plants. Larger plants 
using the same general principles are on trial and under 
development. 


PLANTS FOR SMALL PRIVATE BRANCH EXCHANGES 


For many years storage batteries located at private 
branch exchanges have been charged over cable pairs or 
by local equipment upon an unattended basis, current 
being supplied at approximately constant rate. This 
system has certain limitations, however, not being well 
adapted to considerable variations in load caused by 
-unusual business conditions or seasonal variations, and 
it is difficult to select a charging rate which will meet all 
- conditions without being excessive during part of the 
time. 

With the introduction of the dial private branch 
exchange operated mechanically without an attendant, 
the power. requirements as compared with manual 


5. U.S: Pat. 1,586,569, June 1, 1926. 


taken of recent developments, particularly the small 
sealed-in type batteries, while dry-disk type chargers 
using the copper-oxide rectifying principle, and further 
development of the earlier hot cathode tube rectifier, 
placed at the disposal of telephone engineers charging 
equipment better suited to automatic operation than 
the motor-generator sets and mercury arc rectifiers 
previously available. 


Fig. 5—Cam-Tyrrs AUTOMATIC VOLTAGE REGULATORS FOR LARGE 
Macuines AND BATTERIES 


Assemblies of automatic plants developed for small 
dial private branch exchanges are illustrated in Fig. 6 
and Fig. 7. 

These plants consist essentially of two steel cabinets, 


‘the lower cabinet containing the battery equipment 


while the upper cabinet mounts the control equipment 
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including fuses, meters, switches, relays, ringing ma- 
chine and also automatic control for maintaining the 
voltage range within six volts. 

Rectifiers on the small plants are inside but on the 
larger plant are mounted on top of the upper unit as 
shown in Fig. 7. Motor-generators instead of rectifiers 
are used in d-c. districts. 

In order to minimize installation work, plants are 
shipped as units, it being necessary only to mount the 


Fic. 6—Power PLANT FOR SMALL Private Brancnh ExXcHANGE 


Dial type No. 102-B, 44-50 volts, 2.5 amperes 


battery and charging equipment and connect the leads 
furnished with terminals attached. A plug and flexible 
cord are provided for connection to any nearby recep- 
tacle providing commercial power. The active cells 
of the battery are shipped, charged and filled ready for 
interconnection, and are equipped with varicolored wax 
ball charge indicators which show at a glance the 
approximate condition of cell charge. The 32-45-volt 
plants use 18 cells and the 44-50-volt plant 28 cells 
with four counter e. m. f. cells. 

Charging equipment is of capacity to carry a large 
percentage of the busy hour load and return to the 
battery during the light load period whatever discharge 
has been taken, plus additional current to offset battery 
losses. In these plants the rectifiers operate continu- 
ously. Voltage regulation is obtained automatically 
by means of counter cells cut in or out by solenoid type 
switches under the control of a voltmeter relay. 

Use of one or two 3-ampere hot cathode type Tungar 
rectifiers allows a flexible arrangement to meet economi- 
cally load conditions from the initial to the ultimate 
stage of plant growth. 

Ringing current is generally obtained over cable 
pairs from the nearest central office with tones provided 
from local relay equipment. Where such supply is not 
satisfactory a llams inverted rotary converter operating 
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on the battery is provided as shown, this also furnishing 
tones. 

This machine has automatic control, starting when a 
receiver is lifted from the switchhook and stopping after 
completion of the call. It is equipped with jack and 
plug connections for ready replacement by a spare 
machine when maintenance is required. This mount- 
ing arrangement permits some economy to be realized 
by providing a small central stock where there are 
several nearby installations. 


SMALL POWER PLANTS FOR VACUUM TUBE PLATE AND 
FILAMENT SUPPLY 


Several plants have been designed to supply economi- 
cal'energy to plates and filaments of repeater tubes and 
to other equipment, when such energy is not available 
from regular central office power plants. Unit plants 
up to 80, 200 and 800 milliamperes, respectively, at 
130 volts are described, followed by larger plants from 
5 to 20 amperes. A small 24-volt plant up to 8 amperes 
is covered, which is supplemented by a line of larger 
low-voltage plants for various purposes. 


Fic. 7—Power Puant ror Larger Diat Private BRANCH 
EXCHANGE 


No. 102-B, 44-50 volts, 2.5 and 5 amperes 


In order to match more nearly in appearance the 
repeater equipment with which they are usually asso- 
ciated the small plants are arranged for mounting on 
floor-supported vertical channels. 

In the illustrations shown the equipment is mounted 
open upon shelves or panels. In addition to this 
arrangement, enclosing sheet steel covers are being 
prepared for several of these plants for use in locations 
where it is desired to provide further eae ne or to 
improve the appearance of the plant. 
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130-VOLT PLANTS 


The 603-A 50-80-milliampere 130-volt plant, not 
illustrated, consists of a copper-oxide rectifier, filter 
section and reserve batteries of block type dry cells 
automatically connected into circuit upon failure of the 
regular power service. An unusual arrangement is 
employed for this purpose, the dry cells being across 
the supply rectifier in series with a copper-oxide rec- 
tifier disk assembly which acts as a valve because of 


Fig. 8—SMALL PLANT For SupPLYING VAcuUM TUBE PLATES 


No. 604-A, 125-135 volts, 50 to 200 milliamperes 


its pronounced unidirectional current characteristic. 
Under normal conditions a small current trickles 
through the dry cells, this having the desirable effect 
of tending to overcome local action, but being too small 
to electrolyze seriously the water in the cells. If the 
voltage drops by failure of the primary power source, 
the dry cells automatically pick up the load by sending 
current through the Rectox valve in thereverse direction 
at which time it interposes very little resistance. 

The next larger, 50-200-milliampere 130-volt plant 
shown in Fig. 8 consists of two 66-cell couple-type en- 
closed glass jar storage batteries, a half-wave Tungar 
rectifier and the necessary control equipment. The 
voltage at the bus bars is automatically controlled 
by means of a voltmeter relay adjusted for 126-134 volts. 
Automatic voltage control of the output is obtained with 
the aid of tapped resistors, alternately cut in and out of 
the charging circuit by a voltmeter relay, this varying 


AUTOMATIC POWER PLANTS FOR TELEPHONE OFFICES 


955 


the trickle charge current going into the battery to 
maintain its voltage within the stated limits. 

A 200-800-milliampere, 130-volt plant coded 604-B 
operates in substantially the same manner as the 604-A 
plant differing only in the use of more equipment to care 
for the additional load. 

Type 400 plants from 5 to 20 amperes at 130 volts are 
under development, the 5-ampere rating now being 
available and so arranged that it can be extended later 
to a 20-ampere capacity by the addition of equipment 
which will make it fully automatic both during normal 
floating and during replacement of a charge following an 
emergency discharge. In the larger plants one battery 
is connected across the generator, and another battery 
across the load, with a choke coil between, providing 
a very effective noise filter to reduce any tendency 
toward disturbance of the telephone circuits by the 
charging equipment. 


SMALL 24-VOLT PLANT 


The 10-ampere plant now available is shown in Fig. 9. 
It employs an 11-cell sealed glass jar storage battery and 


Fig. 9—SmaLtu Powpnr PLANT FOR SUPPLYING VacuuM TUBE 
FILAMENTS 


No. 602-A, 20-28 volts, 10 amperes 


a 12-ampere 75-volt Tungar rectifier. Automatic con- 
trol equipment is mounted on unit panels and the bat- 
teries on shelves. 

To provide close voltage regulation when required 
another bay of equipment may be added, consisting of a 
motor-driven rheostat, automatic control equipment 
and a filter comprising a choke coil and electrolytic 
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condensers. The filter is necessary to prevent noise 
and crosstalk which would otherwise result from intro- 
duction of the regulating resistance. A finely adjusted 
voltmeter relay, connected across the points to be 
regulated, actuates the control circuit of the motor 
rheostat, through other relays and contactors, to drive 
the rheostat in either direction automatically keeping 
the voltage within the desired range.’ The voltmeter 
type of relay has been used extensively for voltage 
regulation and for alarm purposes and many thousands 
of them are in service in the Bell System. 

Suitable visual and audible alarms are included as a 
part of all these power plants to notify the maintenance 
forces of the failure of a fuse. a Tungar bulb, the pri- 


Fie. 10—Low VoutTace PLant FoR SMALL CENTRAL OFFICES 


A No. 203-A, 44-50 volts. 15, 30, or 50 amperes 


mary source of power or occurrence of high- or low-volt- 
age at the equipment supplied. As-with the other 
plants, batteries have charge indicators to simplify 
maintenance. 

Among considerations in the mechanical design of the 
equipmert for unit type plants generally were ease of 
access fcr adjustment, additions of other units to care 
for growth, and applicability to telephone equipment of 
a variety of types. 

6. For Wiseussion of condenser and power plant filters see 
H. O. Siegipund ‘‘The Aluminum Electrolytic Condenser,” Bell 
System Tech. Jl., p. 41, Jan. 1929, or Trans. Amer. Electrochemical 
Soc., p. 203, 1928, Bell Laboratories Record, p. 276, April 1927, 
together with U.S. Pat. 1,725,377, Aug. 20, 1929. 


‘Also R. L. Young ‘‘Power Plants for Telephone Offices,’”’ Bell 
System Tech. Jl., p. 708, Oct. 1927. 
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7. For use of these relays in early automatic control system 
for telephone batteries see U. S. Pat. 1,520,793, Dee. 30, 1924. 
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LARGER LOW-VOLTAGE PLANTS CONTROLLED BY AN 
AMPERE-HoUR METER 


To meet the requirements for automatic battery 
supply plants larger than the sizes already described, 
the following have been developed to furnish from 5 to 
100 amperes at nominal voltages of 24, 34, and 48. 
These plants are coded as the 200 type. 

The larger the telephone system served the more 
necessary it is to furnish a reliable and continuous source 
of electric energy and the more savings may be gained 
in the efficient operation of the power equipment, es- 
pecially the batteries. A considerable improvement in 
the life of the battery equipment together with a reduc- 
tion in charging energy may be obtained by accurately 
measuring the amount of discharge and providing for 
return to the battery of this amount plus sufficient to 
make up the internal losses. Investigation has shown 
that for larger plants of the size herein considered, 
particularly when the load varies from day to day, the 
ampere-hour meter gives good results. The 200-type 
plants, therefore, have been designed on this basis, the 
meter automatically starting or stopping the chargers at 
predetermined points on the cycle of battery discharge 
and charge. An assembly of this plant for one of the 
lower current ratings is illustrated by Fig. 10. 


THE AMPERE-HOUR METER AND ALARMS 


The features included in ampere-hour meters for 
telephone plant control include start-charge, stop- 
charge and alarm contacts and, of course, the adjustable 
overcharge shunt usually provided. Addition of a 
thermocouple was also,.found necessary to increase 
light-load accuracy. Thevery great variations in dis- 
charge current with small drains over prolonged periods 
at night gave a service cycle not usual in commercial 
work and with the ordinary type meter, resulted in 
discharges not compensated for during the shorter, 
heavier current charging period. 


The meter controls the power supply to rectifier 
chargers through contactors. If, due to power failure, 
bulb failure or otherwise, the meter continues to record 
a discharge for a certain period after the charge is 
supposed to start, an alarm consisting of lamp and bell 
is operated. If the office is unattended this alarm as 
well as others for blown fuses, failure of ringing current, 
etc., is transmitted over cable pairs to the nearest at- 
tended office. Independently of alarm calls, however, 
it will ordinarily be the practise to have a maintenance 
man visit the unattended office periodically to inspect 
equipment and perform routine maintenance. 


BATTERIES — 


On the 203-A, 44-50-volt plants the battery consists of 
23 cells and four counter e. m. f. cells, while for the 
205-A, 45-50-volt plants it consists of 24 cells and five 
counter e. m. f. cells. The counter e. m. f. cells together 
with a voltmeter relay and control equipment maintain 
the bus bar voltage automatically within proper range. 


September 1931 


Two types of batteries with only one capacity in each 
type have been selected; a 3-cell sealed glass jar pasted- 
plate unit of about 105-ampere-hour capacity, and a 
larger sealed glass jar single cell of 480-ampere-hour 
capacity. From one to four sets of batteries in parallel 
may be used, providing a flexible arrangement to handle 
growth in economical steps. 


CHARGERS 


The 12-ampere Tungar rectifier including two, three 
or four in parallel meets varying load conditions from 
the initial to the ultimate growth. Where only d-c. 
service is available, a motor-generator set will be 
furnished. 


RINGING EQUIPMENT 


Two types of ringing equipment are available, namely 
“a-c.—d-c.”’ and “superimposed,” the latter required in 
connection with four-party selective ringing. 

The a-c.—d-c. ringing current is obtained from a small 
ringing machine mounted on the power board, operating 
under the control of the switchhook as previously de- 
scribed, generating alternating current which is passed 
through a battery to add a d-c. component, this being 
helpful in tripping off the automatic ringing when the 
called subscriber answers. 

In the superimposed ringing system, alternating 
current from a machine is sent through two batteries 
oppositely poled to furnish both positive and negative 
superimposed current. 


UNIT TYPE RINGING PLANTS 


It is, of course, essential to have a continuously and 
automatically controlled supply of signaling equipment 
for ringing subscribers’ bells and furnishing various 
signals to properly supervise and complete telephone 
calls. Individually coded ringing and signaling power 
plants have been standardized as described and illus- 
trated below for use with the battery supply plants 
previously covered. 


SMALL RINGING AND SIGNALING PLANTS, INCLUDING 
ONE PLANT WHICH ALSO SUPPLIES 
BATTERY CURRENT 


To meet a considerable demand for a small, compact, 
economical, and automatic ringing and signaling plant 
suitable for use in outlying districts often served by 
magneto type central offices, the 800-type plants were 
designed. The equipment is arranged for mounting 
upon a standard floor-supported channel rack the 
assembly of which is illustrated by Fig. 11. 
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The capacities and voltages of power plants of this 
series are as follows, some being automatic and some 
being arranged for manual transfer to the reserve source. 

The 801-A plant, and the 801-C plant illustrated, 
intended principally for magneto offices having carrier 
system installations, supply ringing power at a 20-cycle 
frequency from a motor-driven magneto during normal 
operation. The circuits are so arranged, however, that 
they will be automatically connected to an emergency 
vibrating interrupter operated from dry cells in the 
event that the primary source of power should fail. 


Fie. 11—Smatui PLANT FOR SUPPLYING RINGING AND 
TRANSMITTER CURRENT 


No. 801-C, 75-110 volts, 20 cycles, 0.19 amperes a-c. 
8.2-9.2 volts, 20 or 40 ampere-hours d-c. 


When the 801-C plant is used in a magneto type office 
power supply for the operator’s telephone circuits is 
provided by a small 8-volt storage battery continuously 
supplied by a Rectox rectifier, making this a double- 
current plant. 

Referring to Fig. 11 it will be noted that the battery 
equipment for the interrupter consists of dry cells and 
radio block type B batteries. The case on the lowest 
shelf houses the 8-volt battery supply unit. 

The 802-A plant supplies power at 135 cycles from 


Type No Capacity Nominal a-c. voltage Nominal frequency Service 
SOTA AHS cere oles aki OLLO‘amperer hie oS tate sete MOATLO neces savages QO ton tines Ringing 
SOC es bic ecnes Oj} LO AIM Pere. ooo see tellcgsheptens C5—1100 go. ca eee ee ZO es Ringing 
20 or 40 ampere-hours.......... Bi ZH9 2 (GRC ich Oecd Aeon vets teens Aecrtartenels Transmitter battery supply 
BOQSA tee TSE hee 40 Watts dics. TR eee bilere Soyihe” «fies. ae ae WSS 3482. '....Composite telegraph-telephone ringing 


S02 Bi ech user sae ODO 15 am Dereie rr mince tents 6 
: OJOZS AMIperer y cence cisscenceareee ere 


....... Toll line signaling 
....... Toll line signaling 
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24-volt battery-driven motor-generator sets for signal- 
ing on long telephone toll lines which are composited to 
provide channels for telegraph circuits. Similarly, the 
802-B plant provides signaling current at 1,000 cycles, 
sometimes referred to as ‘‘voice-frequency ringing” for 
use on long toll lines. 


LARGE RINGING PLANTS 


In addition to the ringing power plants just described 
there are others with increased capacities ranging from 
one to eight amperes. This series is illustrated by one 
of the smaller sizes in Fig. 12. 


a8 


Fiae. 12—Powrr PLAantT ror RINGING AND Corin CONTROL 


No. 803-A, 105-100-85-77 volts, 1 to 8 amperes, 20 cycles a-c. 
also + 110 and — 110 volts, 0.25 to 0.50 ampere d-c. 


The larger plants of this group also supply positive 
and negative 110-volt direct current for use in collecting 
and refunding coins in connection with coin box service. 
This current is obtained from a double-current genera- 
tor with an associated transformer equipped with 
several secondary taps. Two generators with their 
control equipment are supplied for each central office, 
one of which is ordinarily driven from an a-c. motor and 
the other from a battery motor, the former, under 
normal conditions, being continuously operating. Each 
machine has directly coupled to it by means of the shaft 
and gears equipment to supply tones and signals used in 


the supervision of telephone calls and to provide inter- 


rupted current for automatic “machine ringing.” Fig. 
12 illustrates the segmental drum interrupters used for 
many years, and also shows the radio-frequency choke 
coils, contained in rectangular boxes, provided to pre- 
vent interference from the current interruptions. 

Fig. 13 pictures one of the newer machines equipped 
with the recently developed tone alternator and mer- 
cury type drum interrupters. This machine is shown 
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provided with both line and battery-driven motors 
which have been used under some conditions. 


AUTOMATIC TRANSFER TO RESERVE 


In order to insure practically. continuous ringing 
service the circuit for these machines is arranged to 
automatically transfer the office load from the line- 
driven to the battery-driven generator in case an inter- 
ruption of any sort in the ringing current is encountered, 
alarms indicating such a condition. If the interruption 
has been caused by a failure of the commercial source 
of power to the driving motor, the transfer to the 
battery-driven set will remain effective only while the 
commercial power is off, automatically restoring to 
normal operation upon the return of this power. This 
conserves the battery energy and insures the most 
efficient operation of the plant. 

The transfer feature uses a relay permanently con- 
nected across the output leads of the line-driven gen- 
erator. Several 12-pole double-throw contactors are 
provided in the leads from the two generators to the 
load which is connected to the mid-point of these 
solenoid-operated switches. 


Fig. 13—Rinerna Moror-GEnerator SET FoR LARGE OFFICES 


Including tone alternator and mercury interrupters 


In case the ringing current is interrupted or reduced 
materially in voltage, the above mentioned relay 
releases and closes a circuit to the automatic starter 
of the battery motor, starting the reserve set. The 
voltage on the reserve generator builds up very rapidly 
and at a predetermined point operates the relay again 
which closes a circuit to the operating coils of the 
contactors, these making the proper transfer of the 
office leads to the emergency machine. The operation, 
from failure of ringing current on one generator to its 
complete restoration on the other, is accomplished in 
from 5 to 10 seconds. This transfer merely delays such 
calls as are awaiting ringing service at the time and, 
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since transfers are infrequent, has a negligible reaction 
upon the service as a whole. Transfers for routine 
maintenance are made without the delay. 


AUTOMATIC VOLTAGE AND SPEED CONTROL 


A solenoid-type voltage regulator of the continuous 
vibrating type which opens and short-circuits a resis- 
tance in the generator field circuit has been provided for 
several years past to control automatically one of four 
a-c. voltages which are available. It indirectly con- 
trols the other three and also the two d-c. voltages. 
This regulator takes care of variations in load and in 
supply voltage conditions. 


fae years | 


Fig. 14—Grounp PorentTiAL COMPENSATOR FOR TELEGRAPH 
OFFICES 


No. 705-A, 0-115 volts positive or negative, 5 amperes 


When driven by an induction motor inherent speed 
regulation is sufficient to give satisfactory frequency. 
When, however, the generator.is driven by a d-c. motor 
operating upon the reserve storage battery with variable 
voltage, a centrifugal governor is provided which 
operates rapidly to open and then short-circuit a resis- 
tance in series with the motor field, the relative intervals 
open and closed being such as to maintain substantially 
constant speed. 


In addition to the automatic battery, ringing, and 
signaling plants covered above it may be of interest to 
describe a rather unusual plant provided for use in some 
telephone offices to maintain continuous “grounded 
telegraph” service under very unfavorable ground 


voltage conditions. 
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GROUND POTENTIAL COMPENSATOR FOR TELEGRAPH 


CIRCUITS IN TELEPHONE OFFICES 


A plant known as a “ground potential compensator”’ 
is illustrated by Fig. 14. It consists essentially of two 
motor-generator sets, one line-operated for regular 
use and the other for reserve driven by a motor operated 
from the battery. The control equipment is mounted 
on impregnated asbestos panels supported by a frame- 
work upon which the motor-generator sets are mounted 
at the rear of the panels. Up to the present time it has 
not been considered necessary in this service to arrange 
for automatic transfer from one set to the other, reliance 
being placed upon alarms and the manual transfer of 
the sets since the offices where these sets are in use are 
continuously attended. The compensator is capable 
of neutralizing automatically ground potentials be- 
tween zero and + 115 or — 115 volts. 


The object of this plant is to compensate® for the 
varying ground potentials sometimes encountered 
between telegraph central offices when of a magnitude 
to interfere seriously with telegraph transmission. 
A geological formation with a rather high ground 
resistance between stations, especially when this con- 
dition occurs near a parallel run, d-c. street railway, 
accounts for the most serious fluctuating ground po- 
tentials. 

The armature of the operating generator is con- 
nected in series with the ground lead of the telegraph 
batteries and the field excitation is controlled indi- 
rectly by means of the ground potential fluctuations 
between the local ground and a ground of approxi- 
mately zero potential with respect to the distant tele- 
graph station or office. 

Such a neutral ground is usually obtainable within a 
few miles of the affected office over a pilot wire the cur- 
rent in which operates a sensitive pilot relay which 
causes positive or negative battery as required to flow 
through the fields of the generator to buck or boost the 
local ground. In order to make the pilot relay exceed- 
ingly sensitive, an auxiliary circuit is added which 
causes it to vibrate at from 100 to 200 cycles per second. 


OPERATING EXPERIENCE WITH AUTOMATIC POWER 
EQUIPMENT 


No trouble of consequence has been reported on auto- 
matic starting or voltage regulating equipment in two or 
three years’ operation. . 

With regard to the dry type copper-oxide rectifiers 
used in small offices the failures thus far reported appear 
to be less than 1 per cent. The oldest rectifiers, how- 
ever, have been in service for less than four years so it 
is possible that aging may in time increase the mortality, 
though there is little sign of this at present. Taps to 
restore output in the event of loss by aging are provided. 

The supervisory indicator ball system provided in 
the batteries has been found helpful in warning of 


8. U.S. Pat. 1,126,956, Feb. 2, 1915. 
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abnormal conditions before the reserve capacity has 
become exhausted. 

The larger automatic plants where the charge is con- 
trolled by an ampere-hour meter have had some trouble 
reported in about 10 per cent of the installations where 
the meters have been slowed up by dirt or mercury 
dross accumulating inside the sealed mercury chambers, 
so that the meters did not record the small discharges at 
night and, therefore, put back insufficient quantities 
during the shorter charging periods to keep the bat- 
teries properly charged. In most cases upon which 
records are at hand the difficulties have been discovered 
and corrected before the batteries ran down completely. 
In one division upon which detailed data are available 
six such troubles developed on a total of 68 installations 
made during a three-year period. All these troubles 
were discovered and corrected in time to prevent loss 
of service. 

The trial installations of the automatic transfer of 
ringing machines operated satisfactorily on a few actual 
occasions of power failure and on numerous tests during 
some three years, with no failures yet recorded in the 
comparatively small number of offices so equipped. 

One trial installationin alarge building with fully auto- 
matic central power plant for private branch exchanges, 
using a motor-generator set, has been in operation for 
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over one and one-half years without any failures. Two 
similar trials in central offices have been in operation for 
well over a year without failures reported. As these 
installations are still considered experimental they have 
not yet been coded and are not described in this paper, 
though most of the automatic equipment used is 
covered. 


FUTURE DEVELOPMENTS 


Experience to date with automatic control equipment 
in telephone offices and with completely automatic 
plants has been so gratifying that it seems probable 
the use of such equipment will be extended, particularly 
to include larger types of offices. Alarms are, of course, 
provided to secure help in the event that any of the 
automatic equipment should fail to perform, or unex- 
pected emergencies should develop. The ideal arrange- 
ment seems to be a completely automatic plant which 
will normally function by itself, both during normal 
times and as far as practicable during emergencies, 
requiring of the attendant infrequent supervision and 
routine cleaning, adjustment, and maintenance. 


Discussion 
For discussion of this paper see page 971. 
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Telegraph Power Plants 
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Synopsis.—This paper mentions some of the early methods of 
providing electrical energy to operate telegraph circuits and contrasts 
these with a description of the telegraph power plant in the Western 
Union Telegraph Company’s new building in New York City. Tt 


S the term “power plant” generally conveys to an 
engineer’s mind a station where electric energy’ 
is generated, the expression, “telegraph power 

plants,” would have had more significance forty or fifty 
years ago than it does today, for prior to 1888 electric 
energy for the operation of telegraph circuits was 
generated, in all stations, on the premises either by 
primary batteries or dynamos driven by steam engines. 
Today, there are only two plants in the United States 
in the Western Union service where power is generated 
by a private plant, one being at the Punta Rassa, Fla., 
cable station and the other at Camp Douglas, Wis. 
At all other points the Western Union contracts for 
electric energy from public utility companies and trans- 
forms the energy to the potentials and type of current 
necessary for the operation of a telegraph office by 
means of transformers, motor-generators, storage bat- 
tery or rectifiers. 

The first installation of a dynamo plant in a telegraph 
office was placed in service in September, 1880 when 
three groups of 5 dynamos each, belt driven by three 
steam engines, were installed by the Western Union at 
195 Broadway, New York. A reproduction of a sketch 
showing this installation as it appeared in the Scientific 
American of Jan. 31, 1880 is shown herewith. Each 
machine was wound to deliver 40 amperes at 70 volts. 
Four potentials were used 70, 140, 210 and 280. The 
fifth machine served to excite the other four in each 
group. One group furnished positive potentials, the 
other negative and the third was a spare for either 
potential. The higher potentials were obtained by 
connecting the machines in series and making taps at 
each machine for the potentials mentioned. 

This dynamo plant replaced all of the gravity battery 
cells then in service for main line operation in that 
office, totaling almost 15,000 cells. The local circuits 
were still operated from 4,600 cells. This was the first 
marked improvement in telegraph power plants. Prac- 
tically an entire floor of 10,000 sq. ft. was released for 
other purposes as only about one-tenth of the space 
occupied by the batteries was necessary for the dynamo 
plant. The difference in weight of the two plants was 
60 tons. 

Extensive replacement of primary batteries with 
dynamo plants was not started until 1888 when the New 
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also describes the present general methods of distributing power to 
telegraph circuits and the equipment recently designed for maintain- 
ing continuity of power including engine generator sets for standby 
service. 


York dynamos were removed and installed at Pitts- 
burgh, Pa., where another group of machines was also 
installed for providing 15-volt potential for local circuits. 
The three groups of dynamos were belt driven by 
three 110-volt d-c. motors. Power for operating the 
motors was obtained from the Allegheny County 
Electric Light Company. This dynamo plant replaced 
13,000 gravity cells, and was the first telegraph office in 
the world where there was not a single chemical cell 
used. It was also the first telegraph power plant ob- - 
taining electric energy from an outside source, and the 
first station where the power company’s 110-volt supply 
was used directly to operate telegraph circuits. 

The removal of the New York machines to Pitts- 
burgh was made after a new plant was furnished at the 
Western Union office at 195 Broadway. This new 


Fig. A—First TELEGRAPH Dynamo Puant, New York City, 
1880 


plant consisted of three groups of machines larger than 
the initial machines. Machines for three additional 
potentials were installed in 1892: 7 volts for locals, 23 
volts for loops, and 45 volts for short lines. Atthesame 
time three steam engines of 75 hp. belted to three 
Edison 50-kw. dynamos were installed for lights and 
power and for operation of a carrier system conveying 
telegrams to and from various points in the office. 

Dynamo plants were installed by the Western Union 
at Chicago, Albany, Boston, Buffalo, Philadelphia, and 
several other stations from 1889 to 1894 releasing 
thousands of cells of primary battery. 

The storage battery, although used in England 
around 1890, was not considered developed to a point to 
give sufficiently reliable service for operation of tele- 
graph plants, by engineers in the United.States, until 
1893. 
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During that year the first important application of the 
storage battery in this country was made by the Postal 
Telegraph Company in its Baltimore office where 430 
cells were installed replacing 2,000 gravity batteries. 
Storage battery was first used by the Western Union 
in 1893 for local circuits in its office at 21 Cortlandt 
Street, New York where one 100-ampere hr. cell re- 
placed 30 primary cells The advantage of the storage 
battery for telegraph operation was soon realized. Only 
a few main line circuits could be operated from a eravity 
battery because of its high resistance, whereas any 
number of circuits could be fed from a battery of storage 
cells depending upon the capacity of the cells. In view 
of the steady voltage obtainable with storage battery, 
its reliability, flexibility, and economy, numerous gravity 
plants were replaced starting in 1895. 

The first large installation was made early in 1895 by 
the Western Union at Atlanta, Ga. where 700 cells were 
placed in service releasing 8,000 gravity batteries. Only 
half of the 700 storage cells were in. use at'any one. time. 
The battery was charged by two dynamos driven by 
motors operated from the Electric Light Company’s 
500-volt d-c. service. During the next two years storage 
battery plants were installed at most of the larger offices 
replacing 30,000 primary cells in that period. 

The advent of the storage battery for the operation 
of telegraph circuits brought out numerous charging 
schemes. In some of the Western Union’s branch 
offices where no charging facilities were available the 
main line current operating the circuits at such offices 
was diverted through a single storage cell before con- 
necting to ground and served as a charging current for 
the battery. This installation, consisting of one 100- 
ampere hr. storage cell, replaced 30 gravity cells for- 
merly used for local circuits in the office. In the 
Western Union’s office at Allentown, Pa., where a small 
storage battery installation was made in 1895, 16-cp. 
carbon lamps were used for a charging resistance and at 
the same time to light the office. 

Notwithstanding the replacements of gravity battery 
with dynamos and storage cells the number of gravity 
cells in Western Union service rose from 120,000 in 1877 
to 300,000 in 1895. This increase in the use of gravity 
cells was due in part to the opening of many new small 
offices where no facilities were available for charging 
storage batteries or operating dynamos and in part to 
the addition of new circuits in existing offices where 
gravity cells were already in service. The peak of the 
gravity battery installation was reached in 1903 when 
the Western Union had 528,000 cells of batteries in 
service. From that time on primary batteries were 
rapidly replaced by motor-generators or storage cells. 
Atthe present time there are only 65,000 cells of gravity 


battery in the Western Union service, 20,000 of which - 


are in use for main line operation and 45,000 for local 
service. These cells are principally at isolated railroad 
stations and in groups of less than 150 cells. 

The most modern and probably the largest telegraph 
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power plant in the world was recently placed in service 
in the Western Union’s new building at 60 Hudson 
Street, New York City. For the operation of telegraph 
circuits a very steady and reliable source of power is 
necessary. Every precaution must be taken to keep 
the lines fed with electric energy and to maintain a 
steady potential on the telegraph circuits to prevent 
delays in the handling of telegrams. A power interrup- 
tion is serious in the telegraph service not only because 
of message delays for the period of interruption but also 
because of the time required to reestablish service 
particularly in those methods of operation requiring 
manual attention, such as in trunk line multiplex 
systems. Therefore in the important offices of the 
Western Union where the service of the power company 
is subject to interruption, the telegraph plant consists 
of equipment to maintain continuous service. 

Telegrams at the présent time are conveyed from one 
wire to another or from one department to another by 
means of systems of belt conveyors and pneumatic tubes 
which systems are operated by electric motors. It is 
essential that such apparatus also be kept in operation 
continuously toavoid delay in the handling of telegrams. 

In the Western Union’s new building in New York 
facilities are provided to maintain continuous power for 
telegraph operation under any conditions. Direct- 
current, 120-240 volts, three-wire power obtained from 
the New York Edison Company is used for a major 
portion of the building load and the telegraph load. 
This d-c. service is obtained over two sets of feeders 
directly from two separate substations. These feeders 
follow different routes from the substations and enter 
the building at opposite sides as a precaution against 
interruptions due to local disturbance in the streets. A 
tie to the street network is provided from each entrance 
room in addition to the direct feeders. 

Since a small amount of a-c. power was required for 
use in the laboratory and in order that the service 
connection for this a-c. power would be of sufficient size 
for use also as a reserve power supply, a portion of the 
building equipment and pneumatic tube compressors 
was connected tothea-c. service. The use of alternating 
current was restricted to definite sections of the building 
so as to avoid duplication of wiring and possible confu- 
sion between services. A 300-kw. motor-generator as 
shown in Fig. 1 was provided to convert this a-c. service 
to three-wire direct current for emergency power 
purposes. 

The Western Union is greatly indebted to the New 
York Edison Company and The United Electric Light 
& Power Company for their cooperation in arranging 
for the services mentioned. They realized the impor- 
tance of reliable power service for telegraph operation 
and provided every facility available to maintain con- 
tinuity of service. With all of these facilities it would 
seem practically impossible to have a complete power 
interruption However, it was considered advisable to 
provide some source of emergency service independent 
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of any outside source to guard against catastrophes and 
explosions in the streets which might destroy both a-c. 
and d-c. feeders, and also to protect against major 
troubles in generating stations. _ 

To provide an independent emergency power source a 
250-kw. steam turbine generator set as shown in Fig. 2 
was installed. This turbine is driven by steam from the 
regular building boiler plant. A turbine set was se- 


Fig. 1—300-Kw. Emrrcrncy Moror-GrNneraTor SET, 
New York 


lected rather than an internal combustion engine in 
view of the fact that the boiler plant for building steam 
supply is operated at 80 lb. pressure and of ample size. 
Without the necessity of providing a special steam 
supply considerable economy and saving in space was 
effected by the use of the turbine set. The turbine 
selected was of a type which could be started quickly. 
When a power failure occurs it is evident that some 
time will elapse before the emergency a-c. to d-c. motor- 
generator or turbine set can be started and placed in 


Fig. 2—250-Kw. Emproency Steam TurRBINE GENERATOR SET, 
New York 


service. To avoid any interruption in the operation of 
telegraph or ticker circuits facilities are provided to 
maintain continuity of power to such circuits until the 
emergency units can be substituted for the regular 
power supply. Two banks of storage battery are 
provided, a view of which is shown in Fig. 3. Each 
bank provides 120-240-volt power, the same as the 
Edison d-c. power and each bank is of sufficient size to 
carry a load of 400 amperes for a period of 45 minutes 
with a drop of not over 6 volts. One bank is for ticker 
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service and the other for telegraph service. These 
batteries are connected to the loads mentioned by 
means of automatic switches which operate when the 
voltage of the Edison service falls to 114 volts on 
either side. 

The reserve motor-generator and the turbine genera- 
tor are intended to carry only the essential loads such as 
telegraph and ticker circuits, belt conveyors, a portion 
of the pneumatic tubes, about 15 per cent of the lighting 
circuits on operating floors, and one elevator. 

The main power switchboards located in the basement 


Fig. 3—Emercency Storage Barrery, New Yor« 


are separated into two sections: one as shown in Fig. 4, 
for controlling building power and general lighting, and 
one as shown in Fig. 5 for telegraph power including 
belt conveyors, compressors, a portion of the lights and 
controls for the emergency units and battery. The 
telegraph section of the switchboard provides facilities 


Fie. 4—Main D-c. Burmpine PowEr SwitcHBpoarD, New YORK 


for transfer of all loads connected thereto to regular or 
emergency services. 

Duplicate sets of feeders are provided through sepa- 
rate shafts in opposite sides of the building from the 
telegraph switchboard to the 11th floor power room, 
where are located the motor-generators for providing the 
necessary line and local potentials. A switchboard is 


964 


provided in the 11th floor power room for distributing 
the local and line potentials and the 240-volt d-c. 
service for belt conveyor power to the various operating 
floors. A view of this board is shown in Fig. 6. The 
telegraph and ticker power feeders terminate on the 
four double-throw switches on the left hand panel. 

A signal system is installed to indicate to the engine 
room attendant which of the four sets of telegraph and 
ticker feeders from the basement to the 11th floor power 


Fig. 5—TrLecrarH Power Main SwitrcuHpoarD, New York 


room, are in use. Specially designed auxiliary contacts 
are installed on the four feeder switches on the 11th floor 
switchboard. These contacts control lights in a signal- 
ing cabinet placed above the basement switchboard as 
shown in Fig. 7. A single line diagram of the feeder 
connections to the 11th floor switches is marked on the 
face of the cabinet. The completion of the circuit 
whenever a switch on the 11th floor switchboard is 
closed is indicated by the illumination of a line on the 
cabinet representing that switch. It may be seen, that 


Fig. 6—TrLtecrarn Power SwircusoarD, llraH Foor 
New Yor«k 


telegraph feeder No. 2 and ticker feeder No. 2 were in 
use for their respective loads when this picture was 
taken. Special independent telephone circuits and 
alarm systems are also provided for communication 
between these two centers and to give warning of the 
failure of any motor-generator set or operation of the 
automatic transfer switches. These automatic switches, 
which will be described later, are located in the 11th 
floor power room close to the telegraph load. Two 
separate feeders run from the batteries through the 
basement switchboard to the emergency side of the 
automatic switches and provide against failure of power 
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to the telegraph and ticker service whether such services 
are being fed from Edison power, the emergency motor- 
generator or the turbine set. 

Distribution of power for the operation of telegraph 
circuits and belt conveyors from the 11th floor power 
room is made through separate sets of feeders to each 
floor in two shafts. From each of these shafts the 
power is distributed to approximately one-half of each 
floor. In event of the blowing of a fuse on the distribu- 
tion panel only half of one floor is affected. 

An additional precaution, which is an innovation in so 
far as the Western Union is concerned, is the use of no- 
voltage release circuit breakers located in the power 
shafts on the belt power feeders and telegraph local 
feeders. Both loads consist of a large number of small 
motors and much trouble had been experienced in the 
past as a result of power being restored after a short 


Fic. 7—Sianau System on Tevecrapa Frrepers, New YorK 


failure, with these motors stopped but still on the line. 
The usual result, then, was the blowing of a main fuse 
or opening of a circuit breaker and a further delay affect- 
ing, perhaps, the entire office. 

The various telegraph potentials are fed through a 
distribution cabinet in each shaft. From the shaft 
cabinet, feeders run to several zone cabinets on each 
floor. The belt power is fed through two or three circuit 
breakers in the shafts. Each circuit breaker feeds to a 
distribution cabinet on the operating room floors. A 
view of the telegraph distribution cabinet and circuit 
breaker in a shaft is shown in Fig. 8. 

The entire arrangement of distribution is such as to 
cause a minimum of delay in event of accidental short 
circuits or power failures. 

The maximum demand required in the Western 
Union’s New York office for handling telegrams at 
present totals 295 kw. divided as follows: 

For telegraph circuits.. 75 kw. 
For ticker circuits...... 50 kw. 
For belt conveyors..... 40 kw. 
For pneumatic tubes. ..130 kw. 
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The monthly power consumption for these services 
totals very nearly 150,000 kw-hr. 

There are 37 motor-generator sets in service in the 
11th floor power room totaling 190 hp. the maximum 
size of any one set being 10 kw., for the operation of 
1,123 automatic and 145 Morse telegraph circuits and 
about 500 ticker circuits. A view of a group of these 
motor-generators is shown in Fig. 9. 

For the operation of message belt conveyors 15,722 


Fie. 8—Typicau INsTaLLATION CABINETS AND CIRCUIT 
BreEAKmRS IN SHAFT, New YORK 


ft. of belt driven by 274 small motors totaling 76 hp. are 
installed. A section of such equipment with driving 
motors is shown in Fig. 10. In Fig. 11 is shown the 
individual table belt motor drives. : 

There is installed in the building 50,000 ft. of tubing 


Fie. 9—Grovur or Moror-Generators, 1lrx Froor Pownr 
Room, New York 


for handling telegrams to 60 branch offices and 48 sta- 
tions, requiring 356 hp. in blowers and compressors to 
operate them. Fig. 12 is a view of the 60-hp. compres- 
sor units and the high-speed blowers are shown in 
Fig. 13. 

It is now the general practise, with the Western 
Union, when a telegraph office is moved to a new loca- 
tion or a new repeater station is established, to obtain 
electric energy from a local power company and to 
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install motor-generators, for operation of its telegraph 
circuits as the initial cost and maintenance is less than 
storage batteries and a considerable saving in space is 
effected. There have been no installations of storage 
battery plants, except at cable stations and for emer- 
gency service, for several years. In some cases, particu- 
larly in the south or southwest where thunderstorms 
are prevalent, a small portion of an existing storage 
battery plant is used in the new location in conjunction 
with automatic switches to maintain continuity of 
service over the short periods of interruptions. There 
is, however, a: number of telegraph stations using 


Fig. 10—Brtt-Conveyor Driving Morors, New Yor« 


storage battery for operation of the circuits. At most 
of the offices so equipped the storage battery will be 
replaced with motor-generators when the office is moved 
or enlarged. Storage batteries have been replaced by 
motor-generators in all existing plants except cable 
stations when it is found economical to do so. The 
Western Union has 120 stations including cable offices 


Fig. 11—Direct-Drive Betr Motors, New Yor«k 


where 33,000 storage cells are installed; the largest at 
any one point being at Bay Roberts, N. F. cable station 
where 2,581 cells are in service. The largest size is 
400-ampere hour. 

The first installation by the Western Union, of storage 
battery, automatically operated in conjunction with 
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motor-generators to maintain continuous service, was 
made at the timeanew office was installed in New Orleans 
in 1923. Considerable trouble had been experienced in 
the old office due to many short power failures interrupt- 
ing the service and particularly the circuits emanating 
from the Cotton Exchange there. At the Exchange in 
New Orleans cotton orders are sometimes executed with 
Liverpool, England, in a minute and a half so that the 
importance of continuity of service can readily be seen. 
The installation of such plants was extended to other 


Fie. 12—60-Hpr. Pneumatic Tuspr Compressor, New YorkK 


large stations where numerous automatic circuits were 
in use and where power interruptions were frequent. 
Difficulty was experienced, however, in obtaining an 
automatic switch which would operate fast enough to 
maintain synchronism on the automatic circuits. Sev- 
eral types were tried, and it was not until 1927 that a 


switch was developed by a manufacturer, in conjunction ° 


with Western Union engineers, to meet therequirements. 


Fie. 13—Hicu-Sprep Pneumatic Tuse Browers, New Yor« 


In Fig. 14 two of these switches which are in service 
in New York are shown. These are solenoid type with 
the blades or moving contacts assembled as one unit ona 
rockerarm. The current is carried by copper-to-copper 
contacts but the breaking contacts are copper to carbon. 
Special relays were designed for operating the switch on 
a slight drop in potential of the regular power source. 
A resistance in series with the switch coil is cut in and 
out by auxiliary contacts on the switch. The resistance 
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is short-circuited when the switch is closed on the 
bottom or reserve contacts, thereby subjecting the coil 
to full voltage when the relays are closed. When the 
switch is closed on the regular side the short circuit is 
removed thereby reducing the current in the switch coil 
to just enough to hold it. This reduced current also 
reduces the lag when the power fails and the switch 
drops to the reverse side. The two groups of contacts 
are arranged so that during the operation of the switch 
there is only one-sixteenth of an inch clearance at the 
time the regular contacts open and contact is made on 
the reverse side. Consequently the interval of no 
current is very small. The change from one source of 
power to the other is accomplished in less than one- 
tenth of a second. The switch is arranged so that it 
can be restored to regular position only by closing the 
relay contacts manually. The air gap on the relays is 


Fie. 14—Avromatic THrow-Over Switcu, New York 


adjusted so that the relays will not close automatically. 
This was done purposely so as to prevent rapid opera- 
tion of the switch in event of fluctuations of the regular 
power source. The switch is kept on the battery until 
the service is restored and steady. 

The switches shown in Fig. 14 are the largest of 
this type in service. They are 800-ampere capacity. 
The back contacts of the operating relays are utilized 
for audible signal when the switch operates. 

Storage battery or motor-generators are in service in 
over 1,200 Western Union offices. Ninety per cent of 
such installations are motor-generator plants. 

Motor-generators for Western Union service are con- 
structed by various manufacturers under special speci- 
fications. Very close regulation is necessary not only 
from no load to full load but at any load as the load of 
telegraph circuits varies. The maximum temperature 
rise allowed for field coils and windings is 35 deg. cent. 
and commutators 40 deg. cent. which insures obtaining 
liberally rated machines. The manufacturers are also 
required to specify the minimum guaranteed efficiency. 
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As practically all telegraph circuits are energized at all 
times the efficiency of the machines is a factor in deter- 
mining the value of machines offered by various manu- 
facturers. 

In all except very small offices positive and negative 
polarities are required as most of the telegraph circuits 
are operated on the duplex system. For each potential 


_.Fie. 15—Grovur or D-c.—D-c. Moror-Generators FOR 
FURNISHING ONE PosiTIVE AND NEGATIVE Pouarity, New 
YORK ; 


a group of three machines is provided, one for positive, 
one for negative, and one spare for use of either polarity. 
Such a group is shown in Fig. 15. These are d-c.—d-c. 
sets with hand starters. Equalizer connections are 
provided on the generators to permit paralleling while 
the load is transferred from one generator to another. 
The machines are mounted on benches of angle iron 


Fic. 16—Grovr or A-c.—D-c. Macuines, Syracuss, N. Y. 


construction with 14-in. sheet metal tops. The motor- 
generators are mounted on springs to prevent the trans- 
mission of any -vibration. Ebony asbestos panels are 
now used exclusively in preference to slate, as trouble 
was experienced due to conductive veins in slate and 
breakage in shipment. 

A group of nine a-c.—d-c. motor-generators installed 
in the Syracuse office is shown in Fig. 16. The motors 
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are started by means of double-throw switches placing 
the machines directly on the line for starting. Other- 
wise the panels and benches are similar to the d-c.—d-ec. 
type. A group of small motor blowers for operating 
pneumatic tubes is shown at the left. 

Motor-generators of 500 watt size and smaller are 
generally mounted on what are termed “wall type 
benches” which are specially designed to conserve space. 
A view of two such benches installed in the Buffalo 
office is shown in Fig. 17. They are of angle iron and 
sheet steel construction and are self-supporting, and 
can be mounted back to back if necessary. As these 


. benches are designed primarily for use in small offices 


during the advent of the simplex automatic system, 
safety type switches are provided. The motor-genera- 


Fig. 17—Watui-Tyre Moror-Generator BENCHES 


tors shown in the photograph are metallic circuit ma- 
chines. These sets are also of special design with a 
double commutator generator. Each machine provides 
both polarities of 160 volts and is used on an individual 
metallic circuit. By means of double-throw switches, 
jacks, and cords and plugs, spare machines can be trans- 
ferred to any circuit in event of trouble with the regular 
machine. 

When the wall type bench is used in small offices it is 
equipped with a small panel with simplified apparatus 
to change machines similar to the larger motor-genera- 
tor installations. 

There are 1,085 stations of the Western Union 
equipped with a total of 4,230 motor-generators; the 
largest number at any one station being in the New 
York office where 37 are installed. The largest size 
used exclusively for the operation of telegraph circuits 
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is in Philadelphia where three 20-kw. 110-volt potential 
machines are in service. 

In most of the large offices special motor-generators 
are installed for synchronizing clocks. 'These machines 
are automatically started 20 seconds before each hour 
and stopped about 20 seconds after the hour. The 
starting and stopping are controlled by contacts on 
special clocks through relays. 


Fig. 18—Tyricat ZONE CABINET 


Power is also supplied for the operation of time 
stamps. At each automatic operating position a stamp 
is installed for the operator to time the telegrams when 
received. The stamps are operated every minute by 
master relays. 

Specially designed cabinets, termed “zone cabinets,” 
located near the operating equipment, are used to 
distribute the power to sections of operating apparatus. 


Fig. 19—Berut-Powrr DistrRiputTion CABINET 


Several cabinets are located on each floor. A photo- 
graph of a typical installation is shown in Fig. 18. This 
cabinet provides ten feeders of each polarity of 160- and 
240-volt potential, twelve for the 110-volt negative, 10 
for the 110-volt positive, ten for time stamp circuits, and 
twelve for grounds. Two copper straps are installed on 
the inside-of the barrier in the upper left hand corner, 
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one being connected to the 110-volt bus in the cabinet 
through a lamp and the other connected to the ground 
bus. This arrangement is for testing fuses. In the 
center a special compartment is provided for storing 
fuses. A framed chart is installed on the inside of each 
cover to properly designate the feeders. 

Zone cabinets are also provided for belt conveyor 
motors and are generally mounted on columns similar 
to the telegraph zone cabinets. Such a cabinet as in- 
stalled in the New York office is shown in Fig. 19. This 
cabinet provides for feeding ten 220-volt d-c. circuits 
and is equipped with a fuse testing device and fuse 
container. The box at the bottom of the cabinet 
contains a special starting device for controlling the 
motor on a “pick-up’’ belt and the motors on “‘table 
belts” feeding into that pick-up belt. It was found 
desirable to stop all table belts in event the pick-up belt 
stopped for any reason, otherwise telegrams would 
accumulate in large numbers on the latter belt. The 


Fic. 20—New Tyre Zone CaBinet 


coil of the starter is connected across the pick-up belt 
motor and the starter controls a maximum of 12 table- 
belt motors. This installation at New York was the 
first of this kind and has proven a great benefit to the ~ 
service. 

In order to reduce the number of styles and sizes of 
zone cabinets to a minimum and to economize on 
materials and space a new type of zone cabinet has 
recently been standardized. A photograph of this 
cabinet is shown in Fig. 20. The cabinet has been 
designed to use boxes of three sizes, all of the same 
width and depth but of three different heights to provide 
for variable distribution requirements. ‘ The fuse clips 
are mounted directly on the main buses thereby saving 
two inches in width. T'wo sizes of panels are used, the 
larger being twice the height of the smaller. With this 
arrangement greater flexibility will be effected and at 
the same time the costs will be reduced since the parts 
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can be ordered in larger quantities and stocked and 
assembled as desired. 

At all important offices where an interruption to the 
_ power source would seriously affect telegraph operation 
an emergency plant is installed. The first type of 
engine used for emergency power was a single-cylinder 
slow-speed gas engine belted to a generator. Several of 
these single-cylinder sets were installed but most of 
them have been replaced by multi-cylinder higher speed 
gasoline engine units. The first multi-cylinder type 
was installed in 1915. However, the multi-cylinder 
type was not used exclusively until about 1920. They 
were 40 to 50 hp. engines running at 600 to 900 r. p. m. 
and operated mostly on illuminating gas. Consid- 
erable trouble was experienced in operating on gas 
due to the fact that generally during a failure of the 
electric service an abnormal use of gas occurred which 
reduced or varied the pressure sufficiently to cause 
unsteady operation of the engine. Subsequently a 
gasoline-kerosene type was developed and used. This 


Fig. 21—Emercency Unit, Burrato, N. Y. 


type, although designed for normal operation on kero- 
sene, was started and warmed up on gasoline. With 
these engines the amount of gasoline was limited to the 
amount necessary for starting purposes only. Troubles 
were also reported in connection with such sets due to 
the rapid collection of carbon and the difficulty in main- 
taining the duplicate carburetors and fuel supply sys- 
tems. With one exception all emergency units installed 
since 1923 have been gasoline engine driven. 

There are 114 emergency engine-generator units in- 
stalled in Western Union offices in the United States. 
Sixty-seven operate on gasoline, 23 on gasoline and 
kerosene, 16 on gas, 7 are semi-Diesel and 1 is full 
Diesel. The smallest unit is 8 hp. and the largest at 
the present time is 120 hp. although 200-hp. units will 
be installed in the near future. 

The prime requirements for an emergency plant for 
telegraph service are simplicity of operation, quick 
starting, capability of handling a load very soon after 
starting, very close speed regulation on constant load, 
close regulation from no load to full load and continuous 
operation once started. 
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A photograph of a recent installation in the basement 
of the Rand Building in Buffalo is shown in Fig. 21. 
This unit consists of an 80-hp., 900-r. p. m., 
6-cylinder gasoline engine driving a 40-kw. three-wire 
220-volt d-c. generator. 

To insure steady operation only engines with four or 
more cylinders are specified. 

All engines of 25 hp. and larger are equipped with two 
entirely separate ignition systems including separate 
magnetos with impulse couplings and separate spark 
plugs. Separate switches are provided so that both sets 
of ignition systems can be operated simultaneously or 
either set alone. 

An overspeed cutout device is provided to ground the 
magnetos when the engine reaches a predetermined 
maximum allowable speed. This device is so arranged 
that once it operates the magnetos will remain grounded 
until reset by hand. 

Fuel pumps are specified in duplicate and may bé 
either two direct-driven pumps or one direct-driven 
pump and a hand-operated pump. 

A one pint gasoline tank is provided on the engine for 
gravity feed to the carburetor. This tank is equipped 
with a gage showing the quantity of fuel also a quick- 
vent float-air valve. The latter valve will close the 
vent if the tank is completely filled and is provided to 
prevent flooding of the room with gasoline in event the 
main tank is filled beyond its capacity. 

Most of the units are not provided with radiators for 
cooling water. However, each engine is equipped with 
a water pump for future use in conjunction with a 
radiator if there appears to be a possibility of water 
failure. At a few stations where the water supply is 
unreliable the sets are supplied with radiators initially. 
At one or two points radiators are provided as a separate 
unit driven by a motor. ; 

A regulator is specified to automatically open the 
cooling water supply when the temperature reaches a 
certain point, to maintain the water at a determined 
temperature, and shut off the supply when the engine 
stops. 

A control panel is specified for mounting the tachom- 
eter, starting switch, ignition switches, oil-pressure gage, 
thermometer, throttle and choke controls, and a frame 
for brief operating instructions. In Fig. 21 this panel 
is shown mounted over the flywheel. From this point 
the engine can be started or stopped and its complete 
operation such as speed, oil pressure, and temperature 
can be observed. 

The engines are direct connected to the generators or 
alternators by means of flexible couplings, and are 
started with automobile type starters. 

The entire assembly of the engine and generator is 
made on a substantial cast iron base. To lessen the 
noise and prevent the transmission of vibration to the. 
building the entire sub-base is mounted on springs. All 
connections such as water inlet and outlet, fuel suction 
and return lines and exhaust pipe are made with flexible 
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piping. The spring mounting also lessens the wear of 
the moving parts of the engine due to the cushioning 
effect, thereby reducing the maintenance and prolonging 
the life of the unit. 

All moving parts are protected by guards and the 
exhaust manifold is water jacketed. 

A maxim silencer is usually installed in the exhaust 
line. In the installation at Buffalo it is on the roof at 
the 20th floor set back. 

As considerable condensation occurs in the long run of 
exhaust pipe a drain cock is placed at the bottom of the 


Fig. 22—Emercency Units, Pirrspureu, Pa. 


exhaust line in the engine room. This can be seen just 
to the right of the generator. 

In some of the larger offices two smaller emergency 
units are provided instead of one large unit because it is 
frequently found to be more economical, it affords 
greater protection than the single unit installation and 
the replacement of parts on the smaller engines can be 
more readily handled by the local force. Two units 
are installed in Pittsburgh, Pa., a view of which is shown 
in Fig. 22. These units are similar to the one at Buffalo 
except the engines drive 220-volt three-phase 60-cycle 
50-kva. alternators. At the right can be seen the 
storage batteries used for starting together with the 
charging panel. These batteries are furnished in dupli- 
cate to insure ample capacity in event of trouble in 
starting. The batteries are also used in connection with 
a relay to automatically light a few 12-volt lamps in the 
engine room when the power fails. Engine units of the 
type shown can be started very quickly. In some cases 
after a power failure they have been started and loaded 
in less than 2 min. However on trial test this has been 
accomplished in 30 sec. 

Where two engines with alternators are installed no 
attempt is made to parallel them. The various loads 
are divided and switching facilities provided so that all 
or any part of the loads can be placed on either unit. 

Only one Diesel-engine set is in Western Union ser- 
vice. This is installed at San Francisco and is shown 
in Fig. 28. It has not been found economical to install 
Diesel engines instead of gasoline engines for telegraph 
emergency service as the initial cost. of the Diesel en- 
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gines is much higher and the sets are run so seldom that 
economy of operation is comparatively a small item. 
The Diesel set was installed in this case as the storage of 
gasoline, except in a small quantity, was prohibited. 
This set is equipped similarly to the gasoline sets; that 
is, with overspeed cutout device, water regulator, dupli- 
cate fuel supply pumps, engine fuel supply tank, control 
panel, and spring mounting. It was necessary to use 
two electric starters on this engine as well as to provide 
compression relief valves for use in starting. This 
set is a 70-hp. 800-r. p. m. 4-cylinder engine, direct 
connected to a 40-kw. 3-wire 220-volt d-c. generator. 

In a few cases it has been found advisable to install 
the emergency units above the ground floor because of 
the danger of high water or floods. One such installa- 
tion is at New Orleans where two 60-hp. 900-r. p. m. 
engine-generator sets are installed on the third floor. 
In this case a motor-driven pump was mounted in a 
fireproof enclosure a few feet above the ground level 
for pumping fuel from the underground supply tank toa 
small reservoir in the base of the engine. This is a 
rather expensive method of installation and is subject to 


troubles.in operation. 


A semi-automatically operated gasoline engine gener- 
ator set was recently installed in the Western Union 
office at Shreveport, La., on a trial basis. If proper 
operation can be obtained it will save considerable time 
in restoration of service where the unit is several floors 
from the operating force, as it is in this case. 

Such a semi-automatic unit is shown in Fig. 24. In 


SAN FRANCISCO 


Fig. 23—Dirse, Emergency Unit, SAN FRANCISCO 


addition to the standard accessories with which this set 
is equipped there are also the necessary electrically- 
operated attachments for starting or stopping the set at 
a remote station. These consist of a contactor for 
closing the starting motor circuit, the solenoid-operated 
choke on the carburetor and the fuel pump control 
circuits. The set is also equipped with a radiator and 
fan for cooling purposes in order to make the unit inde- 
pendent of the local water supply. One set of control 
buttons is mounted on the engine control panel and 
another or duplicate set is mounted on a power panel in 
the operating room in another part of the building. 
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In case of a failure of the regular power an attendant 
in the operating room may start the emergency unit and 
transfer the load to it without leaving the room. 

In the past five years marked improvement has been 
made in the design of internal combustion engines 
prompted by the demand of the automotive and aviation 
industries for higher powered engines of less weight. 
This brought about the design of higher speed industrial 
type engines which proved more reliable and satisfac- 


Fie. 24—Semi-Automatic EMpereency Unit, SHREVEPORT, La. 


tory in operation. With the economic advantages in 
the use of higher speed engines for telegraph emergency 
plants in view, tests were recently made on engines 
operating at 1,200 r. p. m. which resulted in a 
decision to make a few trial installations. The first set 
will be an 80-hp. 4-cylinder engine running at 1,200 
r. p. m. and will be installed at the Western Union’s 
office at Jacksonville, Fla. where a saving of about 
one-third in the initial cost of the plant as well as a sav- 
ing of space is expected. . 

Two units similar to the one shown in Fig. 25 con- 
sisting of a 200-hp. 8-cylinder 1,200-r. p. m. gasoline- 


Fig. 25—200-He., 1,200-R. P. M. Gasoxrint ENGINE- 


GENERATOR UNIT 


engine direct connected toa 125-kva. 208-volt three- 
phase 60-cycle alternator will be installed in the new 
Western Union office at Boston. A considerable saving 
in space as well as in initial cost will also be made in 
this case. | 

To provide for the quick restoration of service at 
offices which may be completely destroyed by fire, flood, 


earthquake, tornado or hurricane several portable en-. 


gine-generator sets of 5-kw. capacity each mounted on 
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wheeled trucks together with similar trucks containing 
motor-generator sets, telegraph switchboards, and 
operating sets are distributed throughout the country 
available for quick transportation by rail or truck to 
any point. 

Perhaps there may be some question as to whether the 
emergency plants described have been of any service. 
One instance of their use was during a calamity which is 
remembered by all. When Miami, Fla. was hit by a 
hurricane in 1926, two small engine units provided 
power to operate the telegraph plant and provide light 
for over 72 consecutive hours or until the power was 
restored. 

To provide for the satisfactory operation of new 
circuits, methods, and apparatus in the most economical 
and reliable manner development and design of power 
plant equipment are carried on continually and there is 
no doubt that the telegraph power plant of 1980 will 
show as much improvement compared to the present 
plant as the present day plant compared to 1880. 


Discussion 
AUTOMATIC POWER PLANTS FOR TELEPHONE 
OFFICES 
(YouNG AND LUNSFORD) 


TELEGRAPH POWER PLANTS 
(E. W. Grirrira) 

J.L. Woodbridge: Possibly a brief mention of certain develop- 
ments in the design and application of the storage battery for the 
service described in the first paper may be appropriate. 

The function of the storage battery in this field is threefold,— 
first as a reservoir of energy to insure continuity of service, 
second as a means for meeting the increasingly exacting require- 
ments for a constant d-c. voltage and third, in many eases, as a. 
means of reducing crosstalk and machine noise which would be 
disturbing without some type of filter. It has been the constant 
effort of the battery manufacturer, in cooperation with the engi- 
neers of the telephone industry, not only to perfect the storage 
battery for carrying out these functions but also to simplify its 
operation and reduce to a minimum the item of attendance and 
maintenance. 

The improvements and refinements in manufacturing methods 
and processes which have been and are constantly being intro- 
duced are of real importance but are not obvious from a super- 
ficial examination and can hardly be reviewed in a discussion 
of this kind. Certain developments in cell construction and 
operating methods may, however, be of interest. 

One of these is the introduction of the ‘sealed glass jar cell, 
shipped assembled, sealed, and charged. This practise was 
introduced over 15 years ago for the smaller sizes of cell used in 
farm-lighting plants and its suecess has warranted its extension 
to the larger cells required for telephone installations. One 
such installation in Denver is shown in Fig. 1, the enclosed cells 
being on a rack in the foreground and the large batteries in 
lead-lined wood tanks appearing in the rear. : 

It is hardly necessary to point out the important advantages 
of the enclosed cells in respect to convenience of installation 
and subsequent inspection and maintenance. Reference has 
been made to the pilot balls or charge indicators which are now 
provided in these cells. Hollow-glass pilot balls were furnished 
with the farm-lighting batteries referred to above. Harly 
experience with the wax balls led to some skepticism in regard 
to the permanence of their indications but improvements which 
have been introduced by the manufacturer have strengthened 
confidence in them, provided their limitations are understood. 


972 


To avoid misunderstanding on this point, it is well to point 
out that owing to the tolerances required in practical production 
methods both in the specific gravity of the balls themselves and 
in the nominal full charge specific gravity of the electrolyte as 
well as the variations in the latter with change of level and with 
time in service, the indications of these charge indicators must 
be considered as only approximate, but with these limitations 


Fie. 1—Barrery Room, DENVER TELEPHONE OFFICE 


in mind they are undoubtedly a useful adjunct. There appears, 
however, to be a general sentiment to the effect that in view of 
these limitations two pilot balls in a cell will serve all practical 
purposes, and probably in most eases the operation is guided by 
the indications of one of these. A recently-developed three-cell 
unit in a glass case is shown in Fig. 2, while a.two-cell unit of 
smaller capacity provided with a rubber tray is shown in Fig. 3. 

Referring to the counter e. m. f. cells as a means for voltage 
control, a most important and radical improvement has been 
introduced, in the substitution of nickel electrodes in an alka- 
line electrolyte for the lead-alloy-acid combination. Such a 
cell is shown in Fig. 4. Several distinct advantages have been 


Fie. 2—Turee-Ceitt Barrery Unir witn Russppr TrRay— 
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secured. The nickel electrodes are not subject to corrosion in 
service, being practically permanent in the absence of impurities, 
provided air is excluded, this latter being accomplished by the 
layer of oil on the surface of the electrolyte. No capacity is 
developed in service, permitting the cells to be short-circuited 
without excessive flow of current through the short-circuiting 
switches. No sediment is deposited, thus eliminating periodic 
cleaning. The momentary high voltage sometimes observed 
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when current was first passed through the lead-acid type of cell 
after a prolonged stand on short circuit does not oceur with 
these nickel-alkaline cells. They also require less space for a 
given current capacity. 

In respect to operating methods, important improvements 
have been introduced. The substitution of the single battery 
in full float operation for the double battery operated on alter- 


t y i 
Fie. 3—Two-CreLtt Barrery Unit, with Ruspper TRray— 


2-B1-9, 4.Voutrs, 40 Amprre-Hours 


nating cycles of charge and discharge has been mentioned, as 
well as the use of the ampere-hour meter for the control of 
partially worked batteries. One of the limitations of the ampere- 
hour meter has been referred to in the fact that it requires 
occasional overhauling on account. of the fouling of the mereury. 

There is another limitation which should also be kept in mind. 
The losses in the storage battery are of two kinds. First, that 
due to the inefficiency of the charging current, a certain portion 
of the charging energy being necessarily wasted in gassing. In 
accordance with Faraday’s law, that portion of the charging 
current which causes gassing has no effect in charging the plates. 
In the case of a battery which is subjected. to an appreciable 
amount of daily discharge, this loss is roughly proportional to 
the amount of discharge, and can therefore be approximately 


Fie. 4—NickeLt-ALKALINE CounTER Crett—NAK, 2 Votts, 
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compensated for by adjusting the ampere-hour meter to run 
slow by a certain percentage in the charge direction. The other 
loss in the battery is that due to local action, and is proportional 
to the elapsed time, varying also with the cell temperature, but 
bears no relation to the amount of discharge. In the case of a 
worked battery, this loss is small compared with the charging 
loss and may be included in the overcharge provided by the 
adjustment of the ampere-hour meter. In the case of a very 
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lightly worked battery, the local action loss, although actually 
small, may be a very considerable proportion of the total loss, 
exceeding the limit of adjustment provided in the meter. This 
condition may be met by supplying to the battery a small 
constant trickle charge, not subject to control by the ampere- 
hour meter, but sufficient to compensate for the constant losses. 

Much study has recently been given to the control of battery 
charging by means of a voltage responsive cut-out. In the early 
history of the storage battery many attempts were made to 
terminate the charge at a predetermined battery voltage. This 
method is no more successful now than it ever was, on account 
of the variation in the full charge voltage of the battery under 
varying conditions of charging rate, temperature, age of the 
battery, ete. It has, however, proved quite satisfactory to 
employ a two-rate charge, the rate being reduced from the higher 
to the lower rate in response to a battery voltage well below the 
final value, the lower rate being maintained continuously there- 
after and fixed at a value which will not prove injurious. Various 
modifications of this principle have been successfully applied 
to meet varying operating conditions. 

I. R. Smith: The development of dry disk copper oxide or 
Rectox rectifiers for the various applications described by 
Messrs. Young and Lunsford began over four years ago. Since 
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that time I have had the pleasure of cooperating with Mr. 
Lunsford and his associates of the Bell Telephone Laboratories 
in the development of a number of different units for these power 
applications. It may be pertinent to say a few words about 
‘these units and their characteristics. 

Rectifiers for telephone use differ somewhat from those 
designed for other applications. In the first place, as pointed 
out by the authors, reliability is paramount. Operating costs, 
flexibility, size, and weight are also of importance, but not to the 
same extent. In the second place, an extensive system of specifi- 
cation and inspection has been built up, based on the long 
experience of the telephone company in the use of rectifiers. 
This system, of course, is also applied to the other types of equip- 
ment used and I think has a great deal to do with the success of 
the automatic plant, for it assures interchangeability of parts 
and duplication of results previously obtained, 

For such an application the Rectox rectifier is well suited, as 
it excels in reliability any other available rectifier, having the 
ability to run for years with little or no attention, assuming that 
it has been properly designed and properly applied. Hence, it 
is well suited for application to telephone work. 

The first unit developed was that used for charging 17-20-volt 
PBX batteries, a view of which is shown in Fig. 5. This unit 
has a maximum rate of 144 ampere, but it must also be able to 
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charge as low as 0.2 amperes, and of delivering either the maxi- 
mum or the minimum rate at rated battery voltage and for line 
voltages varying plus or minus 10 per cent. Furthermore, the 
rate must be adjustable between the maximum and the minimum 
in steps of not more than 55 milliamperes each. The resulting 
unit then is extremely flexible.’ Adjustment is made by means 
of transformer taps, for the sake of efficiency, as this rectifier 
runs continuously. And, as it is used while the battery is 
furnishing talking current, the normal d-c. wave delivered from 
the rectifier must be smoothed out somewhat, which is accom- 


Fie. 6—135-Vour Recrox CHARGER FOR PuatTe Supriy 
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plished by means of a small reactor in the d-c. output circuit. 
Mechanieally the unit is designed to be portable, to mount on 
wall or shelf, and to harmonize in appearance with other equip- 
ment in the station. 

The next development was that of the 80-milliampere 130- 
volt unit for charging repeater plate supply batteries, as illus- 
trated in Fig.6. Mounted in the same case as the PBX charger, 
this unit is also provided with a wide range of adjustment for 
flexibility and to assure its being able to handle any application 


Fie. 7—2\%4-Amprere 20-30-Votr Recrox CHARGER FOR 
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within itsrange. On lines of secondary importance where outage 
due to power failure is not serious, this rectifier with a suitable 
filter is sometimes used to excite the plate of the tube directly, 
without the battery. 

Repeater tube filament supply battery charging called for a 
somewhat larger Rectox shown in Fig. 7, capable of delivering 
214 amperes at 20-30 volts. The same provision for wide range 
of adjustment to meet many conditions has been made. The 
unit being much larger than the preceding rectifiers was arranged 
for relay rack mounting. 
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Several other developments have been carried on, including 
the magneto power unit, (a combination battery and trickle 
charger) the superimposed ringing battery charger, and various 
units used as valves. The latest development is a rectifier which 
delivers, 120 volts and 100 milliamperes with a ripple of less than 
3 per cent in the output wave. This rectifier is shown in Fig. 8. 


Fig. Ratrep at 120-Vour 
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There are two characteristics of importance. First is the 
matter of reliability. I think it is of interest to view the life 
test curve, Fig. 9, showing the average performance of a number 
of units, with a reduction in charging current of 22 per cent in 
31% years of continuous operation. Those who have had 
experience with rectifiers know that such operation, absolutely 
without maintenance or replacements, is really remarkable. 
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On all telephone type rectifiers excess transformer capacity is 
provided to permit the voltage to be raised when necessary due 
to aging, thus extending the useful life to some indefinite future 
date. 

The other characteristic is efficiency. Fig. 10 shows the 
efficiency of a 4-disk bridge-connected rectifier rated at 5 d-ce. 
volts and delivering 0.5- amperes. This illustrates how the 
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efficiency is affected by a change in the operating voltage. In 
the operating range which would be from 3 to 5 volts, efficiency 
is quite satisfactory. 

K. C. White: It may be interesting to mention that the 
Pennsylvania Railroad Co. has applied several of the power 
plants deseribed in this paper to a rather extensive dial telephone 
system in the Western Pennsylvania and Eastern Ohio area. 
This system is illustrated schematically in Fig. 11. 

There are 9 fully automatic, 7 semi-automatic and 8 manual 
telephone P.B.X.’s in this system with rather elaborate inter- 
connecting tie lines. Automatic power plants have contributed 
greatly in making it practicable due to the very much lessened 
maintenance required resulting in a considerably smaller operat- 
ing personnel. In addition the better-voltage practically fool- 
proof operation, and longer battery life make for a much higher 
efficiency than that obtainable in manually-operated plants. 
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Some earlier types of automatic power plants of somewhat. 
different characteristics were placed in service in this territory 
between 1917 and 1927 and formed a basis for the present design 
which has proven most satisfactory. In fact I can recall no 
power failure in any of these plants installed since the latter date. 
This result is particularly gratifying since there is hardly a. 
service where reliability and dependability are more important 
than that required in the operation of a railroad especially in the 
central region of the Pennsylvania Railroad Co. 

It has been especially pleasing to us to receive numerous. 
favorable comments on the automatic dial telephone P.B.X. 
system outlined above in which thé automatic power plants are 
contributing their share. These comments have come from 
superintendents of our operating and traffic departments as well 
as the rank and file of our yard men. 
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G. H. Kendricks: When fire destroyed the office of the 
Western Union in Pittsburgh in 1885 the Alleghany County 
Light Company set aside two 500 light d-c. machines for 
its exclusive use, for it was unable to secure quarters large 
enough to replace the gravity battery destroyed. It was 
necessary in order to use this plant to ground the positive 
or negative polarity of these machines in order to give the 
proper current to the Company’s lines. Up until recently the 
telegraph service was a single-wire system, being either grounded 

r “batteried’” from the distant end. In order properly to 
distribute the correct amount of current to the lines, artificial 
resistance was introduced in the line next to the battery. This 
was done for various reasons. First, to protect the instruments 
in ease of a short circuit or a nearby ground on the line. At this 
particular time the 16-candle power 110-volt carbon filament 
lamp was used. Gravity battery was still maintained for local 
and sounder service. In order to supply current to the multi- 
plex circuits it was necessary to build up with gravity battery 
on top of the 110-volt generators. 


When the First National Bank Building was rebuilt the com- 
pany installed the old Siemens-Halske generators used in New 
York and in addition two Western Electric 15-volt generators for 
local sounder service. This, it is understood, was the first tele- 
graph office operated exclusively with generators. At this time 
there were new ways of adding different types of resistance for 
battery leads. The one in question in the new office was a plaster 
of Paris cylinder about 15 in. long by 3 in. in diameter and 
wrapped with No. 36 German silver wire. 
on account of the space occupied. Then the resistance lamp of 
various resistances was introduced, which is used at the present 
time. 


With the introduction of the generators it became necessary 
to provide some contrivance for dividing current for quadruplex 
operation which was commonly used at that time. In the gravity 
battery all that was necessary was to tap the battery at the 
required voltage, but with generators with only one voltage it 
was necessary to use a rheostat with German silver wire so as to 
give a proportion from three to one or four to one as the proper 
amount of current for the polar side of the quad and for the com- 
mon side of the quad. Quadruplexes have all been discarded 
since the introduction of high-voltage power plants. The 
Western Union operating department is now located on the 15th 
and 16th floors (approx. 25,000 sq. ft.) of the Chamber of Com- 
merce Building and today practically 85 per cent of its service 
is worked by printer operation. The power plants today are 
composed of two 25-volt motor-generators, six 110-volt motor- 
generators, three 160-volt motor-generators, and three 240-volt 
motor-generators, occupying a space about 6 ft. by 40 ft. 
(approx. 2,400 sq. ft.) in the main operating room. 


The telegraph company has also introduced in the larger cities, 
pneumatic tubes for carrying messages from the main office to 
the branches. This is done in Pittsburgh by seven 5-hp. motor- 
operated blowers to the branch office, and three 1-hp. motor- 
operated blowers for tubes from one branch office to another 
in the near vicinity of the larger branch offices. 


Cc. S. Alt: The company with which I am associated has 
pioneered in the development of emergency engine sets for tele- 
phone and telegraph service assisted in a major way by the engi- 
neering staff of both systems. 

Although our public service supply of power today is of a high 
order, emergencies do arise which leave us without power, hence 
the eall for an emergeney power unit. Primarily such a power 
unit must of necessity be easily and quickly started and put into 
service at full load without delay, therefore our development has 
been carried on with this idea always foremost. 

Accomplished accurate speed regulation and governing must 
be adhered to especially so in the a-c. power plants. Although 
it. has not as yet been necessary in the communication service, a 
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regulation has been accomplished to meet the needs of Exparelicl 
operation of two or more units. 


Freedom from vibration and its attendant results are also a 
very important item in the operation and development of such 
units. Extreme caution in balance of all moving parts is neces- 
sary. No power demand is so exacting in its requirements in this 
respect as the telegraph and telephone service, and the years of 
development bring to one’s mind a number of experiences dealing 
with period and harmonic vibration in buildings peculiarly sus- 
ceptible to such problems. 

The supply and handling of fuel for such a unit is aiso a prob- 
lem and the telephone and telegraph company experiences have 
proven that gasoline as a fue] is most dependable. Gasoline 
in an office building in the crowded business section of our large 
cities might seem like playing with a great hazard but experience 
has shown that this is not the case as the Laboratories of the 
National Board of Fire Underwriters are continually working 
hand in hand with us in this field and today a gasoline emergency 
power unit can be installed in any building with the full approval 
of this Board. Aijl plants used by the telephone and telegraph 
service are approved and listed by the Underwriter Laboratories. 
Simplification and centralization of engine and fuel controls 
are also very necessary in order that an experienced operator is 
not required to start the unit. Condensed starting instructions 


- consisting of as few operations as possible are supplied attached 


to the control panel permitting starting and application of load in 
a matter of seconds. 


Quietness of starting and operation are also needed. Back- 
firing of an engine in this service must be guarded against. 
Exhaust silencing is absolutely necessary. The silencer must 
be located and be of sufficient strength to silence and hold exhaust- 
pipe explosions and after firing. 


Guarding of all moving parts on the unit is necessary from a 
safety angle. It is surprising to know the number of people who 
still insist on wiping off, with a piece of waste or rag, a revolving 
shaft or gear. The remedy is to enclose all these dangerous 
items. 

R. L. Dunlap: Four years ago the first automatic power 
plant was put into service in this section at the Pitcairn, Pennsyl- 
vania Central Office. Since then 72 of these plants have been 
installed in the Pittsburgh territory. About one third of the 
number is being used at central offices in the smaller towns and 
the rest serve private branch exchanges. Among the branch 
exchanges are department stores, railroads, newspaper offices, 
insurance companies, banks, a telegraph office, a jail, a court 
house, private estates and industrial concerns. 

Before the automatic plants were developed department stores 
were a constant source of worry. Whenever the maintenance 
man read in the newspaper that a large store in the center of 
town was about to have a special sale, he connected a few more 
cable pairs to feed battery to the branch exchange in that store. 
The sale generally ended some time before he remembered to dis- 
connect the pairs, and consequently the battery at the branch 
received a most thorough overcharging. 

It has been found that the automatic power plant at a private 
branch exchange provides better voltage regulation and longer 
battery life with less maintenance effort and a saving in power 
consumption. Another factor has been that cable pairs formerly 
used for battery charging can now be used for telephone con- 
versations. 

At the same time that automatic charging equipment was being 
developed improvements were made in storage battery design.. 
The closed model of today with its built in charge indicators and 
large sediment space differs as greatly from the open type of 5 
years ago as the 1931 model automobile differs from cars of 1925-6. 

R. L. Lunsford: Twoof the interesting features of the ringing 
and signaling equipment, namely the mereury switch interrupt- 
ers and the inductor alternator, furnish the tones and signals ~ 
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necessary in the supervision of all telephone calls and some are 
heard every time a call is made. 

The mercury interrupter has been developed because of the 
fact that the low-speed interrupters make and break substantial 
currents in circuits having inductance and capacity and it has 
been found impossible to avoid sparking at the brushes with the 
well-known segment type rings. This has resulted in pitting of 
the interrupter segments and has required an undue amount of 
maintenance. 
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The interrupter units (see Fig. 12) though old in theory are 
believed to be new in the form in which they are used. They 
consist of either two or three steel disks separated by sheet 
insulators provided with ports or openings and the whole clamped 
tightly together. An annular channel is cut in the side of 
each disk and a small amount of mercury is placed therein. The 
disks and the interrupter units are so arranged that the channel 
of one disk is adjacent to the channel of the next disk with 
the insulator separating the two. 

When the interrupter units are partially filled with mercury 
and rotated on a horizontal axis, contact is made from one 
ring to the other ring by means of the mercury only when a 


Fig. 13—Inpucror ALTERNATOR FoR GENERATING TonzES 
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port of the insulator dips into the pool of mercury. The ports 
are provided with Lavite washers to withstand the arcing which 
occurs when the contact is made or broken. The number of 
ports, their spacing around the insulators, the amount of mercury 
in the channels, and the speed of rotation determine the timing 
of the interrupter. 

A rather novel feature of these interrupters is the method 
used in providing an inert gas within them. Several gases were 
tried out but it finally developed that the simplest and best 


GRIFFITH: TELEGRAPH POWER PLANTS 


Transactions A. I. KE. E. 


arrangement was to assemble and hermetically seal them and 
place them in operation. The sparking inside does the rest 
and provides atmospheric nitrogen as soon as the oxygen is 
consumed. 

The brush rigging is similar to that used on existing inter- 
rupters. Metallic brushes with Baylis brush holders are mounted 
so that they slide on the rims of the disks to maintain con- 
nections with external circuits. The type of brush used requires 
very little maintenance and is longer wearing than the softer 
carbon brushes used on the old segment type interrupter. 

The tone alternator is the new device mentioned, the develop- 
ment of which has just been brought to a satisfactory con- 
clusion. This produces the “high tones’ and “low tones” 
formerly obtained by segment type interrupters such as shown 
in Fig. 12 of the paper. On the older type, brushes were used 
riding on segmental rings to interrupt battery current, thus 
furnishing current having about 480 and 153 interruptions 
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per second. Attempts to reduce maintenance on these rings and 
improve quality of the tone by introducing spark killers made 
the tone practically disappear. 

A multi-channel inductor-type alternator was, therefore, 
developed as shown in Fig. 13, which has some features not used 
to our knowledge in commercial applications. The central 
disk of the rotor generates a continuous high-frequency alter- 
nating current for the high-tone channel. When, however, it 
was attempted to use a low-frequency tone generated in the 
same manner, it was found that this tone had insufficient energy 
to go through the repeating coils and other parts of the circuit. 
This explained the results from spark killers on the earlier 
interrupters and indicated that the tone was being transmitted 
by its harmonics rather than its fundamental. Combination 
rotors were, therefore, designed for the alternator which delivered 
a few cycles of high-frequency at a relatively higher voltage 
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calling party to notify him that the connection has been estab- 
lished and ringing is in progress. The manner of mounting both 
the tone alternator and mercury interrupters with their asso- 
ciated ringing machine is shown in Fig. 13 of the paper. 

Although these machines are just now being introduced into 
the telephone system, several trial installations in operation 
during the past year or more have shown that the tone is more 
uniform and more satisfactory than anything formerly provided. 
This result is also obtained over long periods without machine 
maintenance from the attendant, whereas the older type 
machines had to be cleaned several times daily in some cases to 
give satisfactory performance. 


Recent Developments in the Operation of — 


Overseas Radio Telephone Service 
By F. A. COWAN! | 


Member, A. I. E. E. 


since the first commercial transatlantic radio tele- 

phone service was inaugurated. During this period 
the scope of overseas service has grown so that today a 
telephone user in North America may talk with users 
in Europe, South America, Australia, one point in 
Africa, and on ships at sea. The establishment of 
these extensive transoceanic ties has been discussed in 
a number of papers? presented at meetings of the 
Institute. It is the purpose of this paper to consider 
some of the more recent developments in the operation 
of the overseas services. 

Those portions of the world which could be reached 
by telephone from the United States, Canada, Cuba, 
and Mexico at the end of 1930 are indicated by the 
shaded areas on the map shown in Fig. 1. This map 
also shows the radio telephone links which make the 
overseas connections possible. All of these overseas 


pee a little more than four years’ time has elapsed 


telephone ties are effected by means of radio operating . 


on short wavelengths in the range between 12 and 100 
meters (25,000-38,000 ke.), with the exception of the 
original circuit between New York and London, which 
operates at a wavelength of about 5,000 meters (60 kc.). 
The extensive use of short wavelengths for radio tele- 
phone service was occasioned by the particular condi- 
tions which were met in the extensions of the overseas 
services. Such factors as availability of wavelengths, 
susceptibility to noise in transmission across equatorial 
regions, available space on ships, character of trans- 
mission variations, as well as economic considerations, 
usually favor. the use of short wavelengths. In the 
ease of New York-London circuits, which traverse the 
North Atlantic region, however, the greater stability 
of the transmitting medium at long wavelengths 
together with relatively shorter distances and more 
favorable locations for the long-wave receiving stations 
make them somewhat more reliable than short-wave 
circuits. It has been found, however, that conditions 
which affect transmission adversely on long-wave cir- 
cuits rarely occur simultaneously with those factors 
which affect the short wavelength circuits, so that 
continuity of service is greatly improved by using the 
two in conjunction. 
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Meeting of the 


Aside from the North Atlantic region, the short 
wavelength circuits appear to offer the most promising 
means of extending the overseas service. This is sub- 
stantiated by the excellent performance of the New 
York-Buenos Aires, Argentina, circuit which was put 
in service in the spring of 1930. In view of these con- 
siderations, extensions of service now proposed to 
Bermuda and Hawaii will utilize short wavelength 
radio. 
Since the. circuit from New York City to Buenos 
Aires employs short wavelength radio and is represen- 
tative of circuits recently established and contemplated, 
this particular circuit will be considered in some detail. 
Fig. 2 shows, in schematic form, the layout of the New 
York-Buenos Aires circuit. 

The short-wave transmitting and receiving stations 
in this country for the South American service, as well 
as for the European service, are located near Lawrence- 
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ville, N. J., and Netcong, N. J., respectively. These 
transmitting and receiving centers are about 50 miles 
apart; are about the same distance from New York; 
and are connected by cable with New York City where 
the terminals of all of the overseas and ship-to-shore 
circuits in the Atlantic region are concentrated. In 
South America, the transmitting and receiving stations 
are located at Hurlingham and Platanos, Argentina, 
respectively. Both of these points are within 25 miles 
of the circuit terminal at Buenos Aires. 

The equipment and arrangements at Lawrenceville, 
Netcong, and New York City have been discussed in 
considerable detail in the papers previously referred to. 
The equipment used in South America is practically 
identical with that used in this country. At both 
transmitting points piezo-electric crystal controlled 
short-wave transmitters are used. These transmitters 
employ high-power water-cooled vacuum tubes with 
an unmodulated power output of between 15 and 20 kw. 
which, when modulated 100 per cent, corresponds to a 
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peak power output of between 60 and 80 kw. Diree- 
tive antenna arrays are provided for three separate 
wavelengths to care for the changing transmission 
conditions with seasons of the year and hours of the 


day. The directive characteristics of these arrays 


increase the power radiated in the desired direction by 
an amount equivalent to that which would be obtained 
by increasing the transmitter power from 20 to 50 fold, 


_ depending upon the wavelength being used. 


At the receiving points, directive antenna arrays are 


also employed. These arrays, by virtue of their direc- 


tive characteristics, improve the receiving conditions 
by strengthening the signal received from the desired 
direction and reducing the effect of noise or signals com- 
The receiving sets proper 


automatic gain controls to compensate for moment-to- 
moment variations in the strength of the received carrier 
wave. The complete receiving system is capable of util- 
izing satisfactorily a signal having a field strength as 


low as one microvolt per meter when radio noise con- 
ditions are satisfactory. 


This performance has been 
made possible by the selection of a receiving site which 


- require considerable time to repair. 
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One index of the effectiveness with which radio tele- 
phone circuits are operated is the amount of circuit 
time which is lost. For this reason, this phase of the 
circuit performance is carefully scrutinized. Fig. 3 
gives a comparative analysis of the lost circuit time for 
one month on the New York-Buenos Aires circuit and 
one of the New York-London short-wave circuits. 


_ It will be noted in each case that the major percentage 


of lost time is due to atmospheric conditions. 

The equipment used in the short-wave radio circuits 
is so designed and constructed as to minimize the 
likelihood of trouble. In addition, spare units of equip- 
ment have been provided for replacing equipment 
which would be most subject to trouble or which would 
These precautions, 
together with a systematic testing routine, make it 
possible to operate the overseas circuits with the small 
amount of lost time, due to equipment troubles, that is 
indicated by Fig.3. 

The over-all operation of the radio circuits is carried 
out under the supervision of technical operators located 
at the circuit terminals. These operators coordinate 


_ the activities at their local transmitting and receiving 
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is sufficiently isolated to minimize local interference 
and by the careful design of the Ose tt parts of 


the receiving system. 


At the terminal points voice- pea relay switching 


equipment is provided which disables the radio path in ~ 


one direction while speech is traveling in the opposite 
It also” maintains the transmitting side of © 
uit in a disabled condition when no oe is 


m problem by resolving cKe ei -way 
oe cireuits which 


pen te for ei anatag doneriesion 1 onde 
ninimizes interruptions due to false opers 
lays caused ah abnormal con 


tatiind: with those at the distant terminal. In this 
country the technical operators receive advice as to 
what wavelengths are most effective at any time, from 


a channel observing station which is equipped with 
special apparatus for maintaining a continuous check 


on radio transmission conditions. This check on trans- 
mission conditions is made by measuring the field 
strength of foreign stations operating on various wave- 
lengths. : 

Very accurate measurements of the frequency of the 
local radio telephone transmitters and of associated 
foreign transmitters are also made, thi 
channel observing stati 
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radio stations assigned to neighboring wavelengths, 
the frequency measurements aid in the correction of the 
difficulty. 

The foregoing describes the steps that are taken to 
secure the most effective operation of the radio tele- 
phone circuits in so far as controllable factors are con- 
cerned. As previously stated, the variation of the 
transmitting medium is at present the major factor 
limiting the usefulness of short-wave radio channels. 
These variations in the transmitting medium result in 
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fluctuations of the momentary values of the signal 
strength as well as in a variation of the average signal 
strength throughout the day. The former effect mani- 
fests itself either as ordinary or as selective fading, 
depending upon whether or not all frequency compo- 
nents of the signals are affected simultaneously to the 
same degree. Ordinary fading is compensated for by 
means of the automatic gain control incorporated in 
the receiver and the only effect which is produced when 
this type of fading occurs is an apparent variation of 
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the noise level. Selective fading, however, which 
usually accompanies ordinary fading to varying degrees, 
gives rise to distortion effects and may be sufficient at 
times to render a channel unsuitable for commercial 
transmission on a given wavelength. 

Periods of abnormal activity in the earth’s magnetic 
field, known as “magnetic storms,” occur at irregular 
periods and are accompanied by decreases in the signal 
strengths at the receiving points to unusable values at 
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times. When these storms occur, transmission on all 
frequencies is affected to a greater or lesser degree and 
the time during each 24-hour period when reliable 
transmission can be obtained is reduced materially. 

Fig. 5 shows the average effect of the major magnetic 
disturbances which occurred during 19380, on the avail- 
able circuit time of a representative New York-London 
short-wave radio telephone channel. It should not be 
construed from this curve that magnetic storms have 
occurred regularly every two weeks, but rather that 
when they have occurred the available circuit time, for 
several days preceding and following the day on which 
the storm was at its height, has usually been affected 
as shown. 

In view of the adaptability of short-wave telephone 
systems to transmission over great distances and the 
fact that rapid progress is being made in improving, 
simplifying, and reducing the cost of these systems, 
they are of outstanding importance in the development 
of world-wide telephonic communication. The brief 
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period which has elapsed since establishing the first 
short-wave radio telephone channel has been one of 
rapid progress in the development and application of 
short-wave systems and they are, at the present time, 
generally accepted as a medium for extending the scope 
of overseas telephone service. 


Short-wave radio telephone circuits have been used 
for the transmission of international broadcast pro- 
grams, for conducting joint meetings of international 
conventions, and for telephone interviews. Numerous 
accounts of examples of the latter type of usage have 
been published from time to time by American news- 
papers. One of the most notable examples, perhaps, 
was recorded by The New York Times when a per- 
sonal interview with General Uriburu was obtained 
after the recent revolution in Argentina. Services of 
these types undoubtedly promote mutual understanding 
between the people of various nations and are helpful 
in the cementing of international good will. 
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Discussion 


J.P. Scott: This paper presents an analysis of the lost circuit 
time by causes (Fig. 3) and indicates the number of days that a 
typical magnetic storm is troublesome (Fig. 5). What is the total 
per cent lost time due to all causes? How frequently are magnetic 
storms usually experienced? 

F. A. Cowan: As pointed out in the paper the chief 
cause of lost circuit time is the condition of the transmitting 
medium. The medium varies considerably from day to day, 
season to season, and from year to year. The average percentage 
lost time for one period of several months that I have in mind 
was about 10 per cent for the New York-London long-wave 
circuit, about 25 per cent for the short-wave New York-London 
circuits, and about 5 per cent for the New York-Buenos Aires 
short-wave circuit. The higher percentage lost time on the New 
York-London short-wave circuits than on the New York-Buenos 
Aires circuit is accounted for by the proximity of the transmission 
path to the north magnetic pole of the earth in the ease of trans- 
mission between New York and London. In view of the fact 
that the factors which affect long- and short-wave transmission 
rarely occur simultaneously, the over-all reliability of the service 
is materially enhanced by using the two types of facilities in 
conjunction. 

Magnetic storms do not occur with any definite regularity. 
The number varies from year to year. During 1930 there were 
about 12 major magnetic storms. 

W.C. Hecht: How are the practical operating hours for the 
several radio circuits affected by differences in time of day at the 
terminals? 

F. A. Cowan: The load distribution curves for the London 
and Buenos Aires service are not materially different from the 
load curve for New York-Chicago service. 

N. S. Hoff: What steps are involved and how much time is 
required from the conception of a radio circuit to the establish- 
ment of service? 

F. A. Cowan: Definite arrangements have to be made witha 
foreign correspondent, frequency assignments must be obtained, 
buildings must be designed and constructed, unless already 
available, and equipment and antenna systems must be engi- 
neered, constructed, installed, and tested before commercial 
service can be established. This will require anywhere from one 
to two years, depending upon the particular problems involved. 
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W. L. Shafer: The paper mentions the large gains that have 
been obtained by the use of directive antenna arrays at the trans- 
mitter and receiver. Are there possibilities of further substantial 
gains by such means? What limits the gain obtainable in 
practise? 

F. A. Cowan: The gain of the antennas is obtained by 
arranging the elements in such a manner as to direct the energy 
in the desired direction. The method is analogous to the use of a 
reflector behind a light. In view of the fact that the transmitting 
medium is not homogeneous the transmitted waves do not always 
proceed to the distant point by the shortest straight line paths, 
but are sometimes reflected from their course. Consequently, if 
the angle of radiation of the transmitting antenna is made too 
small the waves might miss the receiving antenna at the distant 
station. The gain which it is practicable to obtain by the use of 
directive antenna is limited by this as well as economic con- 
siderations. 


L. R. Huggler: What over-all length of circuit route is 
involved when radio circuits are used in tandem with wire exten- 
sions at the radio terminals? 


F.A.Cowan: One of the longest calls, from the standpoint of 
distance, was a call from Los Angeles, California to Melbourne, 
Australia. This call involved a distance of 18,000 or 22,000 
miles, depending upon the direction of transmission between 
London and Sydney. There have been other calls involving 
only one radio link between the West Coast of this country and 
the West Coast of South America, which is roughly 10,000 miles. 
One of the longest calls for the ship-to-shore service was between 
San Francisco and the S. S. Belgenland when the ship was in the 
vicinity of Japan. This call was established through the Ocean 
Gate, N. J. ship-to-shore transmitting station and hence the 
circuit length was about 10,000 miles. 


R. T. Griffith: In the answer to the previous question Mr. 
Cowan states that the transmission between London and Sydney 
might be in either direction over the great circle route. How is it 
determined which direction the transmission isin? What arrange- 
ments, if any, are made to use the longer great circle route? 


F.A.Cowan: Theantennas are ordinarily set up to transmit 
over the shorter great circle route. If it is desired to transmit 
over the longer great circle route, it is necessary to use a dif- 
ferent antenna arrangement. 


Temperatures in Electric Power Cables 


Under Variable Loading 
BY ELWOOD A. CHURCH* 


Associate, A. I. E. E. 


Synopsis.—Considerable need has been felt for accurate methods 
of solution of the problem of temperature rise under variable loading 
in order that the maximum use may be made of the large investment 
an power cables. 

In this paper a rigorous solution of the problem of temperature 
rise from sheath surface to conductor is attempted, making use of 
Bessel functions. The heat flow cycle is resolved into harmonics, 
and each harmonic solved separately for temperature at the conductor. 
The various harmonics of temperature are then combined in their 
proper phase relation to obtain the temperature cycle. For purposes 
of assigning emergency ratings a solution is arrived at for suddenly 
applied steady loads, making use of the Fourier integral. 

The problem is solved rigorously for single-conductor cables and 
three-conductor cables of shielded (type ‘‘H’’) construction. Modifi- 


INTRODUCTION 


IAIRLY accurate methods are now available for 
K calculating the temperature rise of the conductor 
above the assumed base temperature when the 
load is steady. These give results which are as accurate 
as the known constants of the cable and duct bank. 
Until recently no attempt was made to obtain even a 
moderately rigorous solution for the case of variable 
loading. 
A recent Institute paper! describes a point-by-point 
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method of solution for variable loading which gives 
fairly accurate results. This point-by-point solution 
is based on the assumption that the temperature of the 
conductor rises exponentially with time which is only 
approximately true. 


*Hlectrical Engg. Dept., Edison Electric Illuminating Co. of 
Boston. 

1. For references see Bibliography. 

Presented at the North Eastern District Meeting of the A. I. E. E., 
Rochester, N. Y., April 29-May 2, 1931. 


cations of the constants of the cables are described which will allow 
the theory to be applied to cables of standard belted construction with 
reasonable accuracy. 

The probable errors involved in the assumptions necessary in the 
solution are discussed. It is believed that knowing the temperature 
of the air at the sheath surface, the temperature of the conductor can 
be calculated within 4 or & per cent of the correct value uf the constants 
of the cable are known within this accuracy. 

The method can also be applied to solution of the temperature rise 
of the sheath surface provided the constants of the duct bank are 
known with sufficient accuracy. This temperature can be added to 
the temperature rise of the conductor above the sheath temperature 
to obtain the total temperature rise of the conductor above the assumed 
base temperature. 


The theory presented in this paper tends to show 
that the temperature curve rises faster at first and 
then slower, say one hour after the load is applied, 
than the exponential law would allow. Solutions based 
on the exponential law are thus likely to give lower 
maximum temperatures and greater time lags than 
actual for ordinary load cycles. 

The present paper solves the problem rigorously for 
cables with configuration shown in Figs. 1A and 1B. 
The errors involved in applying it to the configuration 
shown in Figs. 1c and 1D are discussed in a subsequent 
paragraph. 

SOLUTION FOR DAILY LOAD CYCLE 


The general expression for heat flow in the conductor 
of either a single-conductor or three-conductor cable, 
assuming constant resistance, circular cross-section of 
conductor, and uniform current distribution, as derived 
in Appendix A is as follows: 
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The general expression for heat flow in the insulation 
is the well-known Fourier’s equation, and is as follows: 
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where 


T = Temperature at any point in the conductor or 
insulation. 
I = Total current in the conductor. 


R = Resistance of the conductor, at the frequency of 
the current, if alternating current, and the 
average temperature of the conductor. 

r = Radial distance measured from the center of the 


conductor. 
r, = Radius of the conductor. 
C. = Specific heat of the conductor material. 
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C; = Specific heat of the insulation material. 
p- = Specific gravity of the conductor material. 
p: = Specific gravity of the insulation material. 
S. = Heat resistivity of the conductor material. 
S; = Heat resistivity of the insulation material. 
t 


I 


Time. 


When T varies sinusoidally with time, the solution 
of equation (1) is: 
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Fig. 2—Cuart or THE Heat-FLow Constant: o = 22 ky — 11 ke 
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or when q, 7; is small, as in cases met with in solution of 
power cables: 


a Ss rgere T 
Qi =Q0-) = ~ (4) 
The solution of equation (2) when 7’ varies sinusoi-: 
dally with time is: 
2 OT & & i 
Obi Rig (OAS ie wil Ub itech t hy) (5) 
) 2 ig i 6 
Q2 = Coe (Ti -— qitey 9) « (6) 


Neglecting the heat storage in the lead sheath, the 
expression for heat flow in the sheath is for a singles 
conductor cable: 
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and for the three-conductor cable: 
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where 

T, = Vector temperature at surface of conductor. 

T. = Vector temperature at surface of insulation. 

T® = Vector temperature of the air at the surface of the 
sheath. 

Qo = Vector heat flow per conductor, equal to the I? R 
loss. 

Q, = Vector heat flow per conductor at inside surface 
of the insulation. 

Q> = Vector heat flow per conductor, at outside surface 
of the insulation, or at outside surface of the 
sheath if sheath losses can be neglected. 

r. = Outside radius of the insulation. 

da Se Wa Cale Sak 

Gi =V wl; piS;. 

D = Diameter of the sheath. 


K = Surface heat resistivity of the sheath. 

y, ¢, T, and y are complex constants, depending on 
the constants and the configuration of the cable. They 
are analogous to the general circuit constants in the 
solution of a transmission line for voltage and current 
at the terminals and may be designated the heat flow 
constants of the cable. Their derivation is given fully 
in Appendix A. For ease in computation, charts of 
o, T, and y have been prepared and are illustrated in 
Figs. 2to4. Curves of the Bessel functions from which 
these charts were computed are shown in Fig. 5. 
Tables of these functions are given in Bibliography 
Nos. 2 and 15. 
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Combining equations (4) to (7), the solution for a 
single-conductor cable is given by the following simul- 
taneous equations: 
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In the solution for a three-conductor cable, equation 
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(8) remains the same and equation (9) is written as 
follows: 


oy if Zz, hie be, 
8K (T2— T3) = S; eg UG Qit2¥ T2). 


(9a) 


Where sheath losses are present in appreciable 
amounts a correction can be made to the values of Q» 
in equations (7) or (7a), when an accurate solution is 
desired. 

A sample calculation, showing in detail the method 
employed in the solution of a specific problem is given 
in Appendix D. Fig. 6 shows the results of this calcu- 
lation in the form of a curve of temperature against 
time. Briefly, the method is as follows: 

The watts loss in the cable is plotted for the load 
cycle assumed. This curve is analyzed for its principal 
harmonics by well-known methods. The solution for 
temperature is obtained for each harmonic of heat flow 
and the results combined in their proper phase relation 
to give the resultant temperature cycle. Usually 
three or four harmonics will be all that is necessary to 
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Vj Ko’ Vj qare, 
solve for unless the rise of watts loss is very rapid, since 
the effects of the small hourly variations in loading on 
the cable have very little effect on the resultant tem- 
perature cycle. A proper balance should be obtained 
between the labor of solution and the accuracy with 
which it is desired to obtain it. 

The value of 73, the temperature of the air at the 
outside of the cable, can be obtained in various ways. 
If the cable is installed in a duct and only approximate 
solutions are required, this can be assumed constant at 
the maximum value obtained over a twenty-four hour 
load cycle. Usually 7’; will vary from 20 to 30 per cent 
of the total variation in temperature at the conductor, 
when the cable is installed in an ordinary duct bank. 

If 7; is considered constant its value becomes zero 
in equations (9) and (9a), merely adding to the steady 
state component of the total temperature at the con- 
ductor which is computed by well-known methods. 
The value of T:/Qo will then be constant in both phase 
and magnitude for any given cable. Tables of 7:/Qo 
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for the principal harmonics may hence be made up for 
any given cable, as shown in Table I in Appendix D. 
These may be combined in their proper phase relation 
to obtain a solution for any load cycle. 
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Fic. 5—Curves or Besset Functions or Zero ORDER 


Curve A—Bessel function of first kind, Ig yj x 

Curve B—First derivative of Ij y j x with respect to x, yj Io’ Vj 
Curve C—Bessel function of second kind, Ko yj x 

Curve D—First derivative of Ko jj x with respect to x, yj Ko’ VJ 
Examples—Iy y j4.2 = 3.86 /146.4°; Ky y 73.4 = 0.060 / —159.0° 
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TIME OF DAY 
Fie. 6—Hrat Frow anp TEMPERATURE CURVES FOR THREE- 
Conpucrtor, 400,000-Cm., 28-Kv. Case 


Curve A—Heat-flow cycle in watts per conductor; J? R loss 

Curve B—Average J? R loss per conductor over 24-hour period 

Curve C—Dielectric loss per conductor for the average temperature 

Curve D—Temperature cycle for load cycle of curve A; temperature at sur- 
face of conductors 

Curve E—Average temperature at conductor surface 

Curve F—Temperature for constant load equal to the maximum 

Curve G—Measured maximum temperature of air at sheath surface 


‘If some judgment is used in selection of constants of 
the duct bank equation (5) may be used for the solution 
of the air temperature in the duct where 7, in the 
equation represents this temperature and the base 
temperature is considered zero. 
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The air temperature then can be expressed as follows: 
= ay AN e Oe 
rene eas Pe, 


rir ie OMe (10) 


Where 
S, = heat resistivity of duct structure. 


= = a/-0.C, pe Se 


pe = Specific gravity of the duct structure. 
C. = specific heat of the duct structure. 
D’ = inside diameter of duct structure, assuming an 
equivalent cylindrical structure. 
o, and 7, are computed in the same wey as o and 7 
in equation (5). 


Various approximate formulas are given in Appendix © 


C for obtaining the functions o, and 7, which are out- 


_ side of the range of the charts given in Figs. 2 and 3. 


On account of the effect of adjacent cables and the 
uncertainty of the constants of the duct bank, the best 
way of obtaining. the air temperature at the sheath 
surface is to actually measure it. Opinions differ as 


_to the proper method of measuring this temperature in 
It is generally con- — 


the duct outside the lead sheath. 
ceded that this temperature is nearly the same through- 
out the space between the sheath and the duct and can 
be considered so in the solution for steady heat flow. 


‘Since the air has a very low thermal capacity its 


temperature will follow very closely in phase the varia- 
tions in the lead sheath. Hence if the maximum 
value of this air temperature, throughout the load cycle 
considered, can be obtained it can be added directly to 
the maximum temperature rise between this air and the 
conductor to obtain the total rise. 
these temperature components being out of phase will 


be small since the total variation in the air temperature 


_ is only about one quarter of the total. 
Maximum reading thermometers inserted between 
~ the cable and the duct wall seem to be the best method 
provided some means are used to prevent the thermom- 
eter from being in direct contact with oo the 
sheath or the duct wall. — 
A thin ceo of heat t insulating m material surrounding 
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obtained if the thermometer is in direct contact with the 


e lead abate or is pegs in a eee shield which is in 


- The error caused by © 
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ture which the air attains should be used with proper 


allowance for air movement if there is such. A very 
slight air movement has a very great effect in lowering 
the sheath temperature. This case is subject to even 
greater uncertainty than the case of cables installed in 
the earth so it is exceedingly difficult to obtain an 
accurate solution. The best method of attack is to 
assume a constant maximum for 7; and compute 7; 
from this base temperature. 


SOLUTION FOR A STEADY LOAD SUDDENLY APPLIED 


The solution for a steady load suddenly applied is 
as follows: 
(oo) 1 
fs SIN GI bntons 
w 


LO} 


(11) 


where 

T = The temperature of the conductor at any time ¢ 
after the steady load is applied. 

6, = Thereal part of the expression, 
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where 
» = 2K for asingle-conductor cable in still air, 
= 6 K for a three-conductor cable in still air, — 
=2(K+D NV for single-conductor cables in ducts, 
and 
6 (K + D X) for three-conductor cables in ducts. 
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N = Number of cables in the duct bank all assumed to 


be equal and loaded to the same amount. 
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The expression Pg 6, sin wt dw is much too com- 


plicated to integrate by formal means, but it may 
readily be done ey He methods if some means: 
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is a simple function the method offers no advantage 
over other better known methods. The philosophy of 
the method is described very fully elsewhere’*'™. 

Results of a calculation of the temperature rise of 
the conductor of a 400 m.c.m. shielded cable are 
shown in Fig. 7. The calculation is carried through in 
brief form in Appendix D. 

A chart showing allowable overloads for various 
time limits and initial loads, computed from these 
curves, is shown in Fig. 8. Asan example; suppose four 


PERCENT OF FINAL TEMPERATURE 


Fig. 7—TEMPERATURE Risz Curves; 400,000-Cm. 28-Kv., 


SHIELDED CABLE 


Curve A—Temperature rise; cable suspended in still air 

Curve B—Same conditions as in ‘‘A’’, exponential rise assumed 

Curve C—Temperature rise; four cables in ducts as shown, with all cables 
carrying the same load 


cables each rated at 100 amperes continuous, are carry- 
ing a continuous load of 80 amperes each, a load of 134 
amperes each may be applied for two hours without 
exceeding the temperature limit, with cables of the same 
characteristics as shown in Fig. 8. 


APPLICATION TO STANDARD BELTED CABLE 

The well-known equation for obtaining the steady- 

state temperature rise of the conductor above the 

outside surface of the insulation is as follows®'": 
Q.S:G 
Tega) 


Gi Wome AS (12) 


where G is the geometric factor. 
For the shielded cable,” 


Assume that rz is the total distance from the center 
of the conductor to the lead sheath. Obtain G. from 
Simons curves for the cable under consideration" and 
solve for an equivalent S;. In average cables this 
equivalent S; is about double the true value for the 
insulation under consideration. Use this value of S;; 
in equations (8), and (9a). 

This approximate solution has been found to give 
results, within 5 or 10 per cent of the true value as 
far as the variation in the temperature is concerned. 
The average temperature corresponding to the zero 
frequency component of the heat cycle is computed as 
usual by use of equation (12). Hence for ordinary 


CHURCH: TEMPERATURES IN ELECTRIC POWER CABLES 


Transactions A. I. BE. E. 


load cycles the net error of this approximation cannot 
be over 5 per cent. A rigorous solution for the 
standard cable would involve much more labor which is 
useless until the constants of the cable can be obtained 
with greater accuracy. 


PROBABLE MAGNITUDE OF ERRORS 


The change in resistance and dielectric losses with 
change of temperature for the ordinary load cycles met 
with in practise will not be over 5 or 6 per cent. 
If it is desired to take this into account a correction 
may be applied to the watts loss curve corresponding 
to the estimated temperature at that time. 

The value of temperature rise to be assumed in 
making this correction can be taken as half the ultimate 
temperature rise produced by the average watts loss 
over an hourly period. This is based on the fact that 
in average cables the temperature at the conductor 
reaches about one-half its ultimate in an hour after a 
steady load is applied.!. The error introduced by change 
in resistance will be less than half of one per cent if 
this correction is made. 

For sector conductors the heat flow will be more 
concentrated around the regions of smaller radius. 
This will produce a greater temperature rise in these 
regions than elsewhere on the conductor. This effect 
is usually neglected in steady-state solutions, although 
an approximate solution for sector cables is found in 
the Bibliography No. 17. The error in neglecting the 
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Four three-conductor 400,000-cm. 28-kv. shielded cables installed in a 
four-duct bank; all assumed to be loaded to the same value 


effect of the sector shape will not be over 1 or 2 per cent. 

Large conductors show considerable proximity effect 
when three are concentrated in the small area inside 
the cable sheath. The current tends to crowd to the 
inside of the cable when three-phase current is flowing. 
However, under the assumed condition of uniform 
current distribution the total variation in temperature 
through the conductor is only one degree for ordinary 
load cycles. The smallness of this variation is due to 
the high heat conductivity of the copper. This can be 
shown by the solution of equation (14) for the tempera- 
ture at the center of the conductor. Hence ifthe proper 
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equivalent a-c. resistance is used for the cable in ques- 
tion, the error in temperature due to unsymmetrical 
current distribution will not be over 1 per cent. Of 
course, this assumes all the losses, excluding dielectric 
losses, are in the conductor. There are undoubtedly 
some losses in the sheath even in three-conductor 
cables, especially where large conductors are close to 
the sheath as they are in shielded cables. Not knowing 
definitely where all these losses are located, the con- 
servative method would be to assume them all in the 
conductor. 

Neglecting the temperature drop in the copper foil 
around the conductors in shielded cables introduces 
about 8 to 9 per cent error in the steady-state solution. 
A similar error will be introduced in the solution for 
variable load. This error will be minimized in the total 
temperature rise if the steady-state component of the 
temperature cycle is computed taking this drop in the 
foil into account’. This error is partly compen- 
sated for by neglecting the heat storage in the lead 
sheath. 

The over-all error in the method is thus not over 5 
per cent and is probably much less if the watts loss curve 
is corrected for temperature. It is doubtful if the 
value of the insulation heat conductivity is known 
within 5 per cent, plus or minus, so it is useless to expend 
the labor necessary in obtaining greater refinement. 


CONCLUSIONS 


Computations based on the theory presented here 
demonstrate that the temperature curve for any cable 
and load cycle may be readily calculated without 
excessive labor with accuracies well within the accuracy 
of the cable constants. The effects of changes in load 
cycle from day to day die out in a few hours so the 
theory can be applied to any day of. the week with 
little effect from the previous day’s cycle. 

Assumptions are reduced to a minimum, the order of 
magnitude and direction of the errors are known and 
hence can be allowed for with any necessary accuracy. 

Short-time overload ratings of any duration may be 
readily applied to correspond to any initial loading 
with confidence that the calculated temperature rise 
will not be exceeded. 
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Appendix A 


I—DERIVATION OF EXPRESSIONS FOR HEAT FLOW IN 
THE CONDUCTOR 


The amount of heat entering an annular ring of 
thickness dr, and distance r from the center, per unit 
length per unit time is, 

25-0 a3 20 Oeil r) 
iiss aii ae, Dae F 
The amount of heat leaving this annular ring is, 
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where 
4 = Current density in the conductor, 
p = Resistivity of the conductor. 
Hence the expression for heat flow in the conductor is 
as follows: 
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For sinusoidal variation of heat and temperature, 
P= Teo. 
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The solution of equation (13) when 
Se 
ses =, (tse 
Tits: 


fe = A Te CE rv 9) ae B Ky CE r V5) 

where 

I, (q.r-/j) is a Bessel function of first kind and zero 
order with semi-imaginary argument. 

K.(q-r-/7)is a Bessel function of second kind and zero 
order with semi-imaginary argument, and 

AandB are arbitrary constants to be determined by 
the boundary conditions. 

When r=0, Ko (Qervj) = 

Hence B must be equal to zero. 

The complete solution of equation (13) is then as 
follows: 
ANG oie 
¢ Tq2 7? 

Applying the boundary conditions and solving for A, 
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II—DERIVATION OF EXPRESSIONS FOR HEAT FLOW IN 
THE INSULATION 
By a similar method to that shown in Part I, the 
Fourier equation for heat flow in a cylinder is obtained 
for the heat flow in the insulation, as follows: 
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The solution for sinusoidal temperature and heat 
waves is, 
fag Al, CALA +B Ko (Qi tv j) : 
Applying the boundary conditions and solving for A 
and B, 
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It can be shown that, 
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Hence the following two equations represent com- 
pletely the heat flow and temperature in the insulation: 
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where 
C= 12 ki — 11 ke, 
y= to’ ki — Vy k2’, 
= 44! ke = te | ae 
The following notations are equivalent for the Bessel 
functions used in the above equations: 
1 (qrvj) = Berqr +7 Beigqr. 
Vil’ rv j) = Ber’ qr +j Bei’ qr. 
Ko (qrvj) = Ker qr +j Keiqr. 
Vj Ko’ rv j) = Ker’ qr +) Kei’ qr. 
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Appendix B 


DERIVATION OF AN EXPRESSION FOR TEMPERATURE 
RISE WITH SUDDENLY APPLIED LOAD 

For a single-conductor cable suspended in still air 
at constant temperature, equations (3), (5), and (9) 
may be combined and an explicit expression obtained 
for the temperature rise of the conductor above the 
sheath surface, as follows: 
= ; Qo Y 
dea) ( T Qe Th ) x 
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For the three-conductor cable in air, equations (3), 
(5), and (9a) are combined to form the expression, 
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For single-conductor cables in ducts, 
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Substituting for T; in equation (7), the following 
expression is obtained: 
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Hence for single-conductor cables in ducts, 
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Similarly for three-conductor cables in ducts, 


Q 
ee ) ae 


ee 


i 
(« 1 T 6(K + Dd) Ge" 1 7) 


CHURCH: TEMPERATURES IN ELECTRIC POWER CABLES 


989 
It can be shown that.!"4 
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where 6 is the impedance function corresponding to 
sinusoidal variation of heat flow from any frequency from 
0 to o. Applying this formula to equations (15) to 
(18), a solution for temperature can be obtained when a 
rectangular wave of heat of magnitude Q) is suddenly 
applied to each conductor. 


Appendix C 


APPROXIMATE EXPRESSIONS FOR SOME HEAT-FLOW 
FUNCTIONS 


The following expressions are well within 1 per cent 
of the exact ones when the limiting conditions specified 
are fulfilled. ‘They can be used where the functions 
required are outside the range of the charts given in 
Figs. 2 to 4. 


When q r is less than 0.8, 
. Ces ced te 
Nid EG OT Mf aoe Eoin akat seme 
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When q r is greater than 2, 


Vil ar j= 


Ste qr 7 
a 8 


) 4i(5 oe COS (24 +5) 


ee sin @,-S)4G- cos (Geoae all 
=))) 


+ (24555) sin( - 


i>: oe 
When Tes greater than 5, 
1 


Tig = Vj Ko GtrVj / Kod vj. 
v/a =VJjlanvj / loan v3. 


Appendix D 


SAMPLE CALCULATIONS 
I. Calculation of.the temperature rise from sheath 
surface to conductor for a three-conductor 400,000 
- cir. mils. shielded cable. 
The constants of the cable are as follows: 
D = 3.1 10-(7.88'cm.). 
r, = 0.363 in. (0.923 cm.). 
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r, = 0.707 in. GC. 79Rems): 

S, = 0.284 deg. cent. per watt per cm. 

S; = 650 deg. cent. per watt per cm.’ 

K = 1,100 deg. cent. per watt per cm.’ 

p. = 6.9 g. per em.* (Equivalent for stranded cable). 
p; = 1.16 g. per cm.’ 

C, = 0.000107 watt-hr. per g. 

C; = 0.000493 watt-hr. per g. 


« = 0.262 radians per hr. for 24 hr. period. 
Hence for the fundamental component (24 hr. period), 


qi tt =().923./1.16 0.000498 x 650 x 0.262 

zat) 209% 
qi(fo—11) =0.8744/1.16 x 0.000498 x 650 x 0.262 

= Oeaiae 
de 11 = 0.923 ./6.9 0.000107 x 0.284 « 0.262 

= 0.00685. 
q27127/S-=0.00017. 


Enrcure the charts shown in Figs. 2 to 4, the follow- 
ing values are obtained for the heat flow constants: 


g = 0.668 + j 0.0085 = 0.668/0.7°. 
SAT 7 0.1048 fe BAT ae. 
v= LI9-+ 7 0085 > Soy 2. 

Substituting in equation (8) and letting Q» equal 1.0 

watt per conductor per foot of cable, 

0.01043—7 0.00017 T, =0.0046/—0.7°(1.00 Pg Ty 
Substituting in equation (9a) and letting 7; = 0, 

since the base temperature is to be considered constant, 
0.00239 T. = 0.0046/— 0.7° (Ti — 1.003 T./2.7°. 
Solving these equations for 7, it is seen that, 

T./Qo = 6.48/— 18.9° deg. cent. per watt per conductor 

per foot of cable. 


For the constant or zero frequency component, the 
following expression is used.” 


Qo/(T1 = T2) = 
61Vt1/S. Si rz G@tanh VS, 12/Siti G@ + 


T 


61 (7 — 6) 
S;:G 
thermal mhos per foot of cable, where 
Q) = Watts per conductor per foot of cable. 
p a — Are of contact of lead sheath and copper 
shield, expressed in radians, and | 
t,; = Thickness of copper shield. 
Substituting in this formula, | 


(T, — T2)/Qo = 2.45 deg. cent. per watt per conductor 
per foot. 


ll 


For the temperature rise in the sheath, under steady 
load, 


1100 x 3 


(Ts Ts)/Qo = S74 81 x 25R X 1B 


= 4.37 deg. 


cent. per watt per conductor per foot. 
Hence when T; = 0, 


ees 
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Fae = 6. 82 deg. cent. per watt per crite perfoot. surface to conductor for a three-conductor 400,000 
Table I gives the heat flow constants and the value cir. mils shielded cable, suspended in still air, when a 
+ 1/\ Ov with the time lag of T, behind Q, for all harmonics steady load is suddenly applied. 


up to and including the sixth. 18: The constants of the cable are the same as those in 
TABLE I 
Harmonic o a v gm" /S, T1/Qo jedi de! 
, cru ncn ow gv eucedho:t-ndy® Sig Ain heen. oreeishe ugh eka RIE GARAND, RY SLR Ce nn en ae eee GE Soe eits tebicca as ty) 
in Pel ue oy 0. 0668/0. TON Oy One. SWAT / ETON ee ioe o 4 DO o eae A ea OR O001'7, peers Sen Gu AS) Ree en nt. 0.93 
DI Gate eterer (act p ae ony Parana DASHES 5 OMe ae mney PUM T EBC cat lek. OM0003 beryl DAS ics Re toa cist 0.87 
Se Sida, Ate ROMEO RD al? feud as: DEOL NBrOCm ase Be, 04/300 en oe hate OVO005 Ie actaryu ere Ne ei eyoe eee 0.80 
Ae ear ees. [02 668)/2 192 3.058, cae ileal NRO E IS 3 Sat cola. ORT Ors a eens eae: OL Ay eee AD Origa nae toc ie A 0.74 
Trap Broa ooo pa RUC Ch O@An ace aee 56), USGS: ce: Lean ORST/M Se Soham creas cc, 0) ODO8 sth ch ates UNL sete Moraga a eee 0.66 
Gee eee he AMenne OL GGSV ALAM, 2 tise el LGA So MTOR Ant tae, el: RZ MG SOS mates fe ot OL OCQO2 sates aan SDS ee ee Gtk nia 0.00 
TABLE II 
: e ap i = S =! . 
suri a r : “ Zn 


POLGOS a eHOMOIA were ees PA SOE ey ORIAS, ois 5 sien 1.28: + 70.120 Wi) OO32 ais 63.4 \18.5° 
PRO KOO 7 257/ OL0G4ee eae Lote eG 0 288 eaves Fei: 0.63) -FFOF2842, Sacks a aie j0.0064...... 38.7 \45.7° 
FO OO0s af On LAS ig wrt int eveg» ole + 5-690) se 70. 43.5) cnparegniee ace: ale O.375 + Fj 0.842. .certees aus jJ0.0090.......21.2 \58.9° 
0.640 +7 0.257...... Blo erRO DNS ee ROR 620 CEO), DOG). crite Gate sis ote O220 se 7 O42 ai ccscisig ales FO OUT cca LO \ bse 
..0,595 +/0.395..... Seth oreo ore OR2O8h 70 OS. arse ames ae O080) =F 7 075582. s6.. ae oO O159. s.n 5s 10.6 \57.6° 
A ON520) = Os 5O00 none see ns 8 E (OROG62) OU S15 teretis oro, ache = OL O8O) 7 IGS 5h awake oes GlOTOLIO Stee '8.48\57 .3° 
..0.380 + 70.730...... scence SUE Se OR LOS a HO SOO mp ieteing © beset, = 20 205-5 FOS6O5 ranean. OV OZ2 Disha 6.42\45 .3° 
TABLE III ~ 
‘ A ¢ Qobr _ - 
723) ae tt oe sin wt by/47 Ww - msi Ce 
x ' rf: ’ T@ 


pee 0226: Maviarente rt 
eae 0). S00. 
nO23e. ie 
3.61 Srsaeta, reat Tere 
DOW we, Aa 
Pee OR en ee 


Substituting the values given in Table I, for a heat iii 


flow represented by the following equation: ; T)/O0° So 5 PNG ee Py wie 


~ 


Qo = 1.47 + 0.300 (sin. wt— 3.00,DY.)y stecwe bey cont pea) cada Rana ee RceeE oe BAG a BYBT. cc wz00 


sale 092 (sin De reen) hr.) Sins ss 20.6 - 32.0 10.8 ie 1B) 5/9818. 100 
ce rate, lab agi oT I of this A di : t that S; 750 de t. 
1 yey ei deat part I of this Appendix except that S; is. eg. cen 
ha had ee eigen a 0.037 (sin 4 wt — 0.75 hr.) per watt per cm.’ instead of 650. ae 
elie degli ige wp ty 0. 00 (sin 5 w t — 0.60 hr.) ~The calculation of 6/7 is shown in tabular form UE do eee 
ea ‘ sagt, 080 gies se fae Table Ti. : tebesth nme a sal 
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Discussion 


F. H. Buller: It is interesting to note from Fig. 7 how 
much the percentage temperature rise in the ducts is slowed 
down by the increased heat storage capacity. Actually, how- 
ever, the rate of rise in degrees is faster for the cables in ducts 
than in air, as indicated by Fig. 19 of the report of the British 
Electrical and Allied Industries published in the J. #. EL. Journal 
for May 1923. 

On page 987 of his paper, Mr. Church states that the heat 
storage capacity of the lead sheath has been neglected. A 
simple calculation shows that in a large cable the thermal 
capacity of the sheath is often equal to 80 per cent of that of 
the conductor and equal to 25 per cent of that of the cable as a 
whole; and if the cable is furnished with a reinforced sheath or 
a heavy armor such as used for buried cables or for exposed bus 
connection eables, the effective thermal capacity of the “sheath” 
may be an even larger percentage. One cannot help but feel 
that Mr. Church’s equations should be investigated with a view 
to discovering what the effect of this omission might be of his 
results; and that if the effect is considerable, the equation should 
be revised to include the factor which has been omitted. 

Mr. Chureh gives an integral equation (11) for the thermal 
transient which will occur if a load is suddenly applied to a 
eable. He points out that in most eases this integral is difficult 
to evaluate except by mechanical means. He further mentions 
that when the impedance function is not too complicated, other 
methods are available for obtaining the value of the transient. 
Ip this connection it might be mentioned that at least two 
methods are known which give an explicit solution in terms of 
Bessel functions and exponentials for the case of a steady load 
suddenly applied to a cable suspended in still air. One of these 
methods involves the use of the Heaviside operational caleulus 
and has been treated by Mr. Shanklin and the present writer 
in an article which is shortly to be published in the General 
Electric Review. Briefly, this method consists of setting up an 
operational equation from differential equations similar to 
Mr. Church’s equation (2) for the boundary conditions which 
obtain on the cable conductor and sheath and of solving this 
operational equation by the use of the Heaviside expansion 
theorem. This method gives a solution which is mathematically 
more explicit and complete than Mr. Church’s equation (11). 

This, of course, does not mean that Mr. Church’s method is 
without value; for the more complicated case of a cable in ducts 
and possibly also of a cable buried in earth, the integral equation 
offers a practical means of solution which will probably be very 
useful. Mr. Church deserves eredit for drawing attention 
to this method. 

The Heaviside operational equation can also be used to give 
results analogous to those obtained by Mr. Church for cyclical 
loads by the use of a very simple substitution. The details of 
this substitution can be found in standard texts on the opera- 
tional calculus, notably that written by Dr. Berg. Here, again, 
the present writer does not desire to detract from the value of 
Mr. Church’s work but merely to add an alternative procedure 
which may be useful in future investigations along these lines. 

E. A. Church: In Fig. 7 of the paper, the cable and earth 
constants were such that the total final temperature difference 
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between the region in the earth at constant temperature and the 
conductors, and the final temperature difference between the air 
adjacent to the sheath and the conductors were in the ratio of 
2.74 to one. Assuming a total temperature rise of 75 deg. cent. 
for the cables in ducts, the rise at the end of two hours would 
be 23 deg. cent. and for a cable suspended in air, carrying the 
same load, the rise would be 20 deg. cent. This approximates 
the results given in the Fig. 19 mentioned in Mr. Buller’s dis- 
cussion. If, however, the loading on the cables is adjusted to 
give the same ultimate temperature rise when suspended in air, 
the temperature will rise much faster than when the cables are 
in ducts embedded in the earth. 

Although the heat storage capacity of the lead sheath may 
be in some eases 25 per cent of the total storage capacity of the 
cable, the actual heat storage in the lead sheath rarely exceeds 
10 or 15 per cent on account of the relatively lower temperature 
of the sheath in comparison with the conductor and insulation 
The effect of this is small and as stated on 
page 987 is partly compensated for in three-conductor cables 
by neglecting the temperature rise in the copper foil around 
each conductor, the calculation of which would be very diffieult 
for variable loading. 


This heat storage may easily be taken into account if it is 
felt that, as in the case of armored cables mentioned by Mr. 
Buller, it is of appreciable amounts. Taking heat storage in the 
sheath into account introduces two more equations of the form 
of equations (8) and (6) into the set of simultaneous equations 
necessary for the solution of the temperature of the cable. 

To show that the effect of the heat storage in the sheath is 
quite small in ordinary cases the following calculation was 
made, for the same size and type of cable as the one deseribed 
in Appendix D of the paper: 

For the lead sheath: 

(re — m1) = 0.125 in. (0.817 em.) 
rT. 1.55 in. (8.94 em.) 
S 0.298 deg. cent. per watt per em.? 
p = 11.4 g. per em.? 
C = 0.0000348 watt-hr. per g. 
Hence by the same method as given in Appendix D, 
qr: = 0.0201, and 
q7r2 = 0.0219, for the fundamental component of 
the heat-flow cycle. 


Referring to the approximate formulas given in Appendix C 
it can be seen that with qr of the order of magnitude obtained 
above, very little error will be introduced even in the third or 
fourth harmonies by assuming that; 

C =U to/77. 
T =I1/qri. 
Y =1/qr:). 

These values when substituted in equations (5) and (6) 

give for the sheath: 


PA MIG nf 
Slnreo/ri 


which is equivalent to saying that the heat storage in the sheath 
is negligible. 


Qi =Q2. = = 7.) 


_- Proximity Effect in Cable Sheaths 


Synopsis. 5 he electrical characteristics of the lead sheaths of 
3 pee cables can be calculated by the methods used for 
computing proximity effect. Theoretically, any group of round 
wires and thin tubes can be calculated. Cases which are taken up 
in this paper are (1) a thin tube and an enclosed wire, (2) the 
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current density, voltage drop, and power loss in the sheath of a three- 
conductor cable, (3) two single-conductor cables with the sheaths 
open-circuited, (4) two single-conductor cables with the sheaths 


short-circuited, and (5) three single-conductor cables in a plane. 
* * * * Lo 


a as ae 
— TD )ROXIMITY effect, that is, unequal distribution of 
alternating current over the cross-section of a 
conductor caused by current in another conductor, 
~ occurs whenever parallel conductors carry alternating 
current. 
netic round wires or infinitely thin round tubes, of any 
grouping whatever, the effective resistance and re- 
actance can, theoretically, always be calculated. 
_ Such a calculation can be carried out for either the loss 
or the voltage drop. The intensity of the electric field 
or the magnetic field at any point, due to the irregular 
current distribution, and the exact amount of EES 
can be computed. 
In this paper are given ones: with eee cal 
BY: examples, for some problems connected with sheaths of 
underground cables. These are supplementary to the 
formulas previously published by the writer in the 
Electric Journal.' 
The problem of the distribution of alternating cur- 


b 


rent in a round wire caused by the proximity of a 


current in a small filament parallel to the wire, was 
proposed and solved by Charles Manneback.? It seems 
that this particular problem had not previously been 
proposed or attacked, but it has proved to be a most 
useful problem, as it has led to the solution of many 
others. The result of the above problem is a short 
4 algebraical expression for current density, which has 
‘ the desired characteristic that it gives equal voltage 
3 drops at all parts of the conductor section. 
1 


rent adds up to zero over the section, that is, it is 
‘merely a circulating current and does not affect an 
ammeter connected in series with the conductor. It 
| ected by whatever ammeter current there may 
ot affected uy the circulating current caused 
These currents are simply 
r, as 7, Liens e produce equal 
t all parts of the section. The effect of 


When the parallel conductors are non-mag-_ 


‘The cur- 


< onductor can be found by integrating 


The calculation of the circulating current in an 
infinitely thin tube caused by a current J in an outside 
parallel filament has been published by the writer.’ 


The result is 


’ Cc” [4 e Wee LP ats ea 
Oe eee Sw De eh ES cos n 0 (1) 
where 
-¢ = meanradius of the tube, incm., 
t = thickness of the tube, in cm. (considered very 


small compared with c), 


s = distance from the filament to the center of the 
tube, in cm., 
p PE LEMD 2) 
—- (69) a a aa a 
Ps 
On 2 ay 
f = frequency in cycles per second, 
p. = resistivity of the tube, in abohms per cm. cube. 


This is the same as the last part of (14), reference 3, 
where it is to be noted that the current in the outside 
filament is — I. 

A formula for the current density in a very thin 
tube, caused by a current J in a filament inside the tube, 
will now be given. If, in reference 3, the filament Y is 
inside the tube, then instead of equation (4) of that 
article we TaUst use 


D ue s” 
vn 
n=l . 
where ¢ is the radius of the tube, in cm. and @ is the - 
angle indicated in Fig. 1, which is 2 be used i in Bi 
of Fig. 1 of reference 3. 
The calculation will be the 


(3) 


cos n 6 
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n=1 


“t+jPn 
f+ wv 


cos n 6 (4) 


If three-phase currents are carried by conductors 
Y,, Yo, and Y; as in Fig. 2, and the sheath is open- 
circuited, - 


ip SORA Mey en asta por 
i =-= D> a H+ n ) 
n=l1 
20 ; ; eto, 
[ cos m (1 —cos 3 ) +4 v8sinn 6 sin 3 


(5) 
The reactive drop in the filament at X due to the 
element of current 7, ct d @ is 


jw 2etieg logn ~~ d 0 


taking account of flux up to a certain large distance p. 
Integrating this expression around the circle and 


Fig. 1—Txurn Tuse anp EnNcLosep FILAMENT 


adding the drops due to the three power currents and 
the resistance drop, the drop in the sheath is found to be 


ound t 
ee ae (¢ — s)? 

= 2s? (/—n+ jP os) 
ri el aera ) (1 = cs 3 


n=1 
fo) 


ee) (1, nt 
>. i + n? ee asi 


n=1 


) fabvots per cm. 


(6) 
where J is in abamperes. This formula gives a result 
equal to zero in a numerical problem. The term logn 
denotes natural logarithm. 


The loss in the open-circuited sheath of a three-phase 
cable is obtained from (5) and is 
Loss in open-circuited lead sheath 
Loss in 8 copper conductors at 0 frequency 
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where ¢ is the actual thickness of the lead sheath in 
cm., p, is the resistivity of lead and p, that of copper, 
at the temperatures considered, and where a is the 
radius in em. of a solid copper wire of the same resistance 
as the stranded copper conductor. The current is 
assumed to be uniformly distributed over the sections 
of the copper conductors. Note that ¢ has here a 
different definition from that in reference 1. Expres- 
sion (7) was published by Dr. F. W. Carter, in the 
Proceedings of the Cambridge Philos. Soc., Vol. XXIII, 
1927, p. 905, equation (19). It may be mentioned 
that equation (16) of that paper, for the loss in an 
open-circuited thin tube due to an external filamentary 
current, is the same result as was published by the 
writer in paragraph I, Part II, reference 3, in 1923. 

Example I. Three-conductor, three-phase cable, 
500,000 cir. mils. per conductor, sheath open-circuited, 
c = 4.5 am:, t = 0.40 em,,.d, = 0.893. cmp" 29,000, 
p. = 2,100 at 75 deg. cent., f = 60 cycles; s = 2:0\em:, 
P= OA70; 


Loss in open-circuited lead sheath 
Loss in 8 copper conductors at 0. frequency 
= 0.05 = 5 per cent. 


Example II. Three 1,000,000-cir. mil unsheathed 
single-conductor cables in a 3/16 in. lead sheath or 
pipe. c= 4.55 «cm, £= 048 Rema rare iene 
ps = 25,000, po. = 2;100, f = 60, s = 230cnnn? = 0/207. 


Loss in open-circuited lead sheath 
Loss in 3 copper conductors at 0 frequency 
= 0.15 = 15.per cent. 


Note that lead-sheathed, three-conductor cables as 
large as in this exampleshave been manufactured. 

If the pipe were made of iron instead of lead, the loss 
would be expected to be considerably greater. See 
Question No. 2913, Electric Journal, April, 1929, 
page 184, concerning three 1,250,000-cir. mil conduc- 
tors in an iron pipe, in which the loss in the pipe was 
neglected. 


The e. m. f. induced in the open-circuited sheaths in a 
single-phase circuit of single-conductor underground 
cables, assuming that the sheaths are infinitely thin, 
though of the same total resistance as the actual lead 
sheaths, and assuming that the main current is uni- 
formly distributed over the cross-sections of the round 


conductors, is given by the following formula. 
Let 


gine! 2c* (F+ )72n) 
a! sn (4 + n?) 

Pa il i Cee Ges 
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where H? = s? + @andcosa = 
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‘ Nn =A, PB MCL 2 
Voltage drop in abvolts per'em. of sheath, for a 


“power current i 2. 
s2 2 
=j @ 2 logn ~~ + w Togn 
“a 1(° N, Pestle? 9 
Mi PN TT COS ee te cos2a-+. 
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The term logn 


denotes natural logarithm. The drop in all parts of 
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The part of the last line of (8), which involves w to the 


first power only, is 
f ¢ Ge cé ) 
29 Agi + SRL 


6 sé 
@ 
3? ) 
This cancels the second part of (8). The third and 


fourth parts contain w to the second and higher powers, 
and so the zero-frequency inductance of the sheath is 


ea 


=-—j w Tlogn (1+ 


given by 2 logn _— from the first term of (8). The 
so-called frequency terms, that is, terms involving 
frequency to higher powers, are seen from Example III 
to have a negligible effect in a practical case with large 
conductors. Their eileet would be less with smaller 
conductors. 

A series of arcs has been published from 1923 LO, 

the present time by W. A. Cramp in the Journal I. E. E. 


s—c¢ 
(England) stating that a term logn a oF should be 


used in formulas for loss and voltage drop in sheaths at 
a 
low frequency, in place of the term logn a used by other 


writers on the subject. 

In case of disagreement between formulas of this type 
for low frequencies, the proximity effect calculation can 
be used as a criterion, for it gives convergent series at 
low frequencies. By computing the terms which are 
being neglected, it can be determined if they are in 
fact negligible. This can be done both by taking 
numerical examples, and by finding the formula for 
practically zero frequency, as has been done-in the 
single-phase problem just taken up. If different 


assumptions have been made, their effect can usually 


be determined by separate proximity effect calculations. 


It is shown in the preceding paragraphs that the i 


Ss 
correct Teen term is logn a: The term logn 


Sas (65 es * ’ my ic i C Ps ‘ 
—, gives results which differ by * 
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themselves, internal evidence is given that the tests 
are untrustworthy at least to the extent indicated by the 
discrepancies. The mutual inductance of non-magnetic 
conductors depends on their size and position, and is a 
constant with varying current, the frequency and other 
conditions reported, remaining constant. 

A set of tests on open-circuited sheaths which has 
been referred to quite often by W. A. Cramp is that by 
P. Dunsheath, Journal I. EH. E. (England), Vol. 65, 1927, 
p. 469. One set of test results on non-magnetic cables 
at 6-in. centers (Table D, page 493 and Fig. 17) shows 
30 per cent change in mutual inductance, while the 
only change reported is that the current changed from 
150 to 300 amperes. This can be seen by dividing each 
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value of measured e. m. f. by the corresponding current, 
and shows a serious discrepancy in this set of measure- 
ments. Another similar set of measurements at 
different spacings (Table A, p. 492 and Fig. 5) is indi- 
cated by crosses and a dotted line in Fig. 3. While the 
height of the complete curve might require changing, 
owing to incomplete published data, yet the shape of 
the curve shows that the measurements are not precise 
enough to give any evidence that would help toward a 
choice between the two conflicting formulas illustrated. 
The statement that the dotted line showed that formula 
(8) was correct at close spacings and that the other 
formula was more nearly correct at wide spacings is 
seen to be without justification. These tests were first 
published in Fig. 5 by Mr. Dunsheath in the form of a 
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curve, and he showed the same departure of the readings 
from a smooth curve that is shown in Fig. 3 of this 
paper. 

The consideration of the two formulas of Fig. 3 is a 
good illustration of the usefulness of proximity effect 
calculations. The precise values of current and voltage 
in every part can be computed by the proximity effect 
method. The exact amount of shielding due to the 
sheath is calculated. Two different solutions are ob- 
tained for the cases of open-circuited sheaths and short- 
circuited sheaths. The open-circuited voltage between 
the sheaths suddenly becomes zero when a bond is 
applied and short-circuit current flows, even though the 
sheaths are separated by a considerable distance. 
There is no reason why the voltage between the open- 
circuited sheaths should gradually approach zero as 
the sheaths come near the position where they touch 
each other. The open-circuit voltage is not zero just 
before they touch. 

It is satisfactory that the formulas given in the pre- 
ceding paragraphs are not long. While some proximity 
effect formulas contain many terms, that is not a reason 
for giving up all proximity effect calculations. In cable 
sheath calculations, the higher frequency proximity 
effect terms are usually of small effect, except for the 
largest sizes of cables. The initial terms can often be 
adjusted to be the same as the most convenient and 
accurate low-frequency formula. It is advisable to 
have the higher frequency terms always available, so 
that one will estimate, almost automatically, whether 
they are needed or not. If they are not needed, they 
will cause little or no extra work. If they are needed, 
nothing else but proximity effect terms can take their 
place. 


A number of proximity effect formulas for cable 
sheaths is given in a technical report of the British 
Electrical and Allied Industries Research Association 
by E. B. Wedmore, P. D. Morgan and S. Whitehead. 
It may be noted that formulas (118) and (119) of that 
report are the same as the first terms of the proximity 
effect formulas published in Section V of reference 3. 


Formula (28) of reference 1 for the loss in short- 
circuited, non-magnetic sheaths in a single-phase circuit 
can be improved by making it more rapidly convergent 
for wide spacings between the cables. Thisis donebya 
slight change in the calculation, making the initial terms 
the same as in the usual impedance formula. The two 
formulas give the same numerical results for cases for 
which they are both convergent. 


Using the same notation as described under equa- 
tion (1), 


: s 
—j w logn ~ — 
P= 


= : (9) 
j w 2logn —— + 
c 


Ps 
2arct 


4. Journal J. E. H. (England), Vol. 67, March, 1929, p. 359. 


F, =jP(14+2P) (10) 
& bie st a é oF, ck : 
iB =jt| -2A len —-+ > for | (11) 
hae k=1 
F,, 
G. = je [ 24s - 
Le = aes 1 yo ees 
feet aie e Fi} aa) 
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In the equations for Band G,, A = 0. For C and H, 


use the formulas for B and G, respectively, except 
change A to B and F to G. Similarly, for D and I,, 


change A to C and F to H, and so on. 


Tie el Becks asst (13) 
Loss in sheath 
Loss in conductor at zero frequency 
+ >ime] as) 
n=1 


where a is the radius of a solid copper wire of the same 
resistance as the conductor, and where p, is the resis- 


_ tivity of copper, in the same units as Poe | L |? is the 
square of the absolute value of L. 
For an approximate formula, use 
2¢ |p} 16 


By using equation (25), reference 1, to calculate the © 


drop in the conductor, the effective impedance of the 
conductor with short-circuited sheath is found to be 


R. dX nase w 4 Llogn — — j os 


n=1 


M,, 


ns” 
(17) 


where R, and X. are the resistance and reactance of the 


- without sheath. L and M, are complex 
. If the numerical value of (17) is found, the 
il part is the effective resistance, and the unreal part 
he effective reactance, of the cable with short-cir- 
ad page in a J rel grind circuit. The effective 
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s 
m = 2 w logn ah in absolute units. (20) 


140.4 
= 21 f Sim logio ——— ohms per 1,000 ft. of cable. 
(21) 
See equations (6), (7), (10) and (11) of the article by 
Donald M. Simmons in the Electric Journal, August 
1925, p. 3866. In numerical calculations, resistance 
and reactance should be in the same units. The second 
part of (18) is equivalent to (16). Equation (19) is 
equivalent to (187) of reference 4. 
Example IV. 2,000,000-cir. mil, single-conductor 
cables, single-phase circuit, 60 cycle, c = 2.97 cm., 
= (0.857 cm. actual thickness of lead sheath, s = 6.30 
em. (lead sheaths touching) a = 1.796 em., p, = 25,000, 
por= 210077 —=.60,7= 041005. 


Loss in sheath 
Loss in conductor at zero frequency 


= 49 per cent, by equation (15). 

The result by the approximate formula (16) or (18) is 
41 per cent. These results agree with those in Example 
II, reference 1. The rapidity of convergence of (15) 
of this article is about the same as that of (28), reference 
1, for this example in which the cables are very close 
together. If the cables are on about 6-in. centers, as 
they would be if in ducts, the convergence of (15) 
is more rapid than that of (28), reference 1, and its 
first term is a better approximate formula. ; 

_ It has recently been pointed out in Holland, England, 
and the United States that when three single-conductor 
cables with short-circuited lead sheaths lie in a plane 


and carry balanced three-phase current, the losses in the 


two outer sheaths are not the same. This difference is 
apparent in the zero-frequency expression. 
of this, a formula for the loss in the second outside sheath 
should be added to (32) and (34) of reference 1. Mane 
the notation of that article, let 
Po SA Beene Cae 
P, = Aa + Ban + Can +. . 
Loss in sheath of second outside cable _ 
Loss in conductor at zero frequency ~ 


Totakecare 
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In conclusion, various problems in proximity effect 
and shielding in wires and thin tubes, can be solved, as 
required. In some cases, it is desired to compute the 
results to show that certain effects are practically 
negligible. In other cases, the effects are of engineer- 
ing importance, and the design of conductors will 
depend upon the computed values. 


Discussion 


R. W. Atkinson: I wish to discuss Prof. Dwight’s formula (7) 
relating to sheath losses in three-conductor cables. With the 
large sizes of cables now frequently used, the sheath losses in 
three-conductor cables are not negligible and, therefore, the for- 
mula developed by Prof. Dwight will be very useful indeed. The 
formula given is readily available for use and is actually much 
less imposing than might be assumed from its appearance by the 
average engineer. In order, however, to improve the convenience 
of its application, we have transformed it to the following form: 


_ Mm Pp stta bag atfee Das a 
C Pe Ps eee eee Fk, 
4 


(7’) 

P denotes the ratio of sheath loss to zero frequency copper loss 
and the rest of the notation is the same asin Prof. Dwight’s paper. 
The series in the bracket converges so rapidly in all practical 
eases at commercial frequencies that only the first two terms in 
the bracket need be taken into account. Moreover, at 60 cycles 


9 


32 


the term /* is nearly equal to » the variation being of the 


order of 2 per cent of the value of P. We may therefore, obtain 
a fair degree of accuracy by neglecting the bracket entirely at 
60 eyeles. 

By making a simplifying assumption which neglects the effect 
of the redistribution of flux due to the sheath currents, Mr. Louis 
Meyerhoff of our company has independently derived a formula 
for sheath loss. This formula is 

Caper 


pa. See te 24 774 f? 8? t a? E is 
€ Pc Ps 

It will be noted that formulas (VII) and (7’) are identical 
except for the term [4 which appears in the bracket of the latter 
formula. The value of [4 in practical cables at 60 cycles varies 
between 0.02 and 0.05, so that the value of sheath loss as deter- 
mined by (VII) is from 2 to 5 per cent higher than the value as 
determined by (7). This indicates the degree of error which may 
be expected if losses of this type are calculated without taking 
into account the effect of the induced currents on the flux dis- 
tribution. The calculations are greatly simplified without causing 
serious error. 


If we take out of formula (7) the factor 7 a? and replace it with 
a symbol representing the cross-sectional area of the conductor, 
the formula will apply to stranded as well as to solid conductors. 
We have also found experimentally that it is applicable with 
reasonable accuracy to sector-shaped conductors as well, pro- 
vided the current is assumed to be concentrated at the center of 
the small diameter of the sector. 


In order to permit of simpler application of formula (7) all 
dimensions may be expressed in inches and the conductor area in 
circular mils. Substituting for f the value of 60, and for p, and 
Ps their values at 20 deg. cent. (1,720 and 22,000, respectively) 
and neglecting all terms in the bracket, the formula becomes 


2.3s?t A 
104 c¢ 


(VII) 


Per cent Pg. = 


@) 
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where 
Per cent Ps. is the sheath loss at 60 cycles expressed in per 
cent of the copper loss at zero frequency. 
s is the distance in inches between the center of 
each conductor and the center of the cable. 
t is the thickness of the lead sheath in inches. 
A isthe area of each conductor in cireular mils. 


and c isthe mean sheath radius, in inches. 

To obtain the loss at any temperature other than 20 deg. cent. 
the value of per cent P¢o as obtained by (7”) should be multiplied 
by the factor 

1 
1 + 0.004 (7, + T; — 40) 
in which 7, and T; are the respective conductor and sheath 
temperatures in degrees centigrade. 
Ordinarily, the values of s and c are not readily available, but 


they can be computed from the following: 
For round conductors, the values are accurately : 


t 
1.0784 +2.1554 +b ~~] - 


° 
ll 


s = 0.578 d — 1. 1d54 
For stranded sector conductors, the values are approximately: 


t 
c = 0.878 de 2 ASS ba 


s = 0.471 ¢d' + 1 155 ¢ 
where 

dis the diameter of the conductor in inches, 

d' is the diameter of a stranded circular conductor of the same 
area as the sector conductor under consideration, 

a is the conductor insulation thickness in inches, 

bis the belt insulation thickness in inches (b = o for type H 
cables) and c, s and t have the same significance as for 
formula (7”). 


It may be pointed out that the above discussion applies only 
to three-conductor cables which do not have a magnetic binder. 

Another source of losses in three-conductor cables is the skin 
effect and proximity effect of the conductors. We have mea- 
sured in our laboratory the losses in stranded sector cable of 
various sizes from 350,000 cir. mils to 900,000 cir. mils and have 
found that on the cables tested the value of combined skin effect 
and proximity effect is approximately equal to 90 per cent of the 
skin effect calculated by the standard formula for a round single 
conductor of the same size. By adding this value of skin effect 
and proximity effect to the sheath loss we obtain the total inerease 
of a-c. loss over d-c. loss. Theoretically, the combined loss will 
differ somewhat from the simple sum of the two component 
losses, but the order of difference is smaller than the degree of 
accuracy with which we are concerned. 

The apparent a-c. resistance of a cable will also be affected by ~ 
the proximity of other cables, the effect depending upon the 
number, proximity, and physical dimensions of the contiguous 
cables. EKach case must be considered as a special problem. It 
seems that a fair approximation of this effect can be obtained by 
making numerical computations on the assumption that the 
induced currents do not affect the flux distribution. This effect 
is being studied. 

H. B. Dwight: The approximate sheath loss formula given 
by Mr. Atkinson is a very appropriate one for this problem. It 
ean be used with confidence, as it gives the sheath loss of three- 
conductor cables up to 1,000,000 cir. mils and more, within a 
very few per cent. 

The test results which he gives are of considerable value. 
It is to be hoped that further measurements of effective resistance 
and reactance will be published, for in the cases of stranded 
conductors and laminated busbars, measurements must be 
used as well as calculations. 


ifocces ; in digitata for i With 
Mercury Arc Rectifiers 


BY E.. Vv. DeBLIEUX: 


Synopsis.—This paper developes the mathematical formulas and 
discusses the assumption involved in the methods for determining 
the losses of transformers for use with mercury arc rectifiers. The 
methods discussed have been proposed for the A. I. E. E. Standards. 
From test readings of current taken under service conditions, a 
rigid calculation of copper losses is made. 


From this calculation it — 


Associate, A. I. E. E. 


is shown that the proposed methods give values that are accurate 
within satisfactory limits. 

The paper also presents the advantages of the proposed methods for 
determining the losses of transformers for use with mercury arc 


rectifiers. 
* * * * & 


Part I 


NUMBER of papers and books Ae been pub- 

lished in the last few years which includes tables 

and calculations giving the salient features of the 
various transformer connections which are suitable for 
use with mercury arc rectifiers. 

The calculations set forth in these publications are 
based on the assumption that the secondary current 
waves are rectangular in shape. 

Similarly, calculations of effective values of current 
and of losses are based on this rectangular wave shape 
and on the further assumption that the effective resis- 
tance of the winding is the same at all frequencies. 
Since the reactance of the circuit alters the current 

_ wave shape from the assumed form and as the effective 
_ resistance is different for the various harmonics which 
_go to make up the current waves, calculations based 
on the stated assumptions may be very approximate. 
It is the purpose of this paper to review these theoreti- 
cal calculations, to calculate particularly the copper 
losses of a typical transformer designed for use with 
power | rectifiers and, based on the conclusions obtained 
from the calculations, to set forth commercial methods 
of making tests of losses of the commonly used 
_ connections. 


> 


_ CURRENT HARMONICS 

lf a rectifier transformer with p secondary phases 
ent to a rectifier and the circuit is assumed 
7 ctance, the current per phase will be as 
‘shown for eee 1 and 2 in ‘Fig. la. Since there are 


¥: Vang 
ch Srey will carry current for the —— aren 


Pee: dA ae Seo te Ale Oe ee 
_or with the axis as shown, from — ——— ee 


rectifier connections. 


With this arrangement, the wave may be analyzed 
into a series of cosine terms because of its symmetry 
about the coordinate axis. The amplitude of the nth 
harmonic is then— : 


pie 
1 A 2x) ie aC 
Oa ania f Jeosn 6d 6 = sin p (1) 
ay 


Solving for the harmonics in the secondary current 
wave of a six-phase and a three-phase rectifier trans- 
former, the values will be as given in Table I. 

Fig. 2c shows one of the commonly used six-phase 


Since current flows in each of the 


(b) portions of the winding for — 


le, | 


=e 
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tralize each other because they are, 180 deg. out of 
phase, of equal magnitude and flow through coils having 
equal turns. It is therefore the resultant of the odd 
harmonics that flow in the primary coils. 

EFFECT OF REACTANCE 

Due to the reactance of the transformer windings 
and the supply lines, it requires a definite time for the 
secondary current to rise to its full value at the start of 
each period of conduction and again to decrease to zero 
at the end of the period of conduction. 

As a result the current wave is altered from the shape 
as shown in Fig. la and assumes the shape shown by 
the solid lines of Fig. le. 

Figs. 1b and 1c show the voltage and current waves 
of anodes 1 and 2 of the connection shown in Fig. 2c. 
Anode 1 carries the full d-c. current until the point in 
the cycle is reached where the voltage of anodes 1 and 
2 are equal, at which point anode 2 begins burning. 

Beginning at this point two anodes are connected 


@) 


A 
rx 


() 
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simultaneously to the cathode and constitute an*elec- 
trical connection between the connected transformer 
phases, short-circuiting the difference in voltage be- 
tween the two phases. This difference in voltage cir- 
culates a current through the loop thus formed, which 
current flows in an opposite direction to the d-c. current 
carried by phase 1. 

This condition continues until the instantaneous 
value of the circulating current equals the d-c. current 
carried by phase 1 at which time the resultant current 
in phase 1 is zero and its arc goes out thus terminating 
the short circuit and leaving phase 2 carrying the d-c. 
current. 

By this means, commutation of current is effected. 
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TABLE I 

oO ——OoOoSSSS50—0— qn 
p =6 p =3 

BPundamentalec acres |-i1- islet 100 %—0.318 Inc....100 %—O.552 Ipc 
Second harmonic.......... 86.8%—0.276 fpc.... 50. %—O.276 Inc 
Mi Manhs Snr sons 6S occ cha clos 66.6 %—0.212 Ipc 0.00 
hewign remota com> Ob OS 43 .4%—O0.188 Inc.... 25 %—O.138 Inc 
Wifth eee ee nea 20 %—0.064 Ipc.... 20 %—O.110 Inc 
Sixth. ces uhee ie oh ee etenoes 0.00 the 0.00 
Seventh. cam. ecm sere 14.3%—0.045 Ipnc.... 14.3%—0.079 Ipc 


Ip 
Average = d-c. comp. = = ='0167 Jacaaneee 0.333 Ipc 
Ip 
R.m,.s. =a-c. and d-c. = ag = 0.408 Inc....... 0.577 Ipc 
1 1 
R. m. s. a-c. comp. =Jpc a ae =O53i Ss LOGea sets 0.471 Inc 
p Pp 


This period of commutation, 2. e., of overlap of current 
of two phases is denoted by wu. (See Fig. Ic.) 

Using the instant when anode 2 starts burning 
as the origin and applying Kirchoff’s second law to the 
closed loop through phases 1 and 2— 

d 14 dts 


Sia ag Wat eich 


+ @2 + 1 — Ae (2) 
in which 
é, and é, are the instantaneous voltages of phase 1 
and phase 2 respectively, 
a, and da, are the are drops of phase 1 and phase 2 
respectively, 
7, and 7%» are the instantaneous currents of phase 1 
and phase 2 respectively. 
L = the inductance of the circuit between anode and 
neutral. 
Assuming the are drop of the two burning anodes to be 
equal the terms a, and a» cancel out. 


Also from Fig. 1c, 
i+%=JS 
Pe T 
ey = EB y2.c0s ( ut+— ) 
E/3 ( i. —) 
y= COS (04) to ee 
: p 
in which 
E = Effective value of transformer secondary line-to- 
neutral voltage 
t = time 
0 =p 


Substituting the above values of e; and é in (1) and 
solving simultaneously 
E /2sin 1/p 


Wy =J — xX 


(1 — cos wf) (2a) 
in which X = wl 
Equating equation (2) to zero at time ¢ = u, at which 


time 7, = zero, then, 


theebined). I Auk 5 3 
Se thie ned EV/2sinz/p (3) 
-It should be noted from Fig. le that the effect of 
~ reactance is to increase the period during which a phase 


ears current by the angle uw without altering the 


_ maximum or average value of the current. 
As a result it is to be expected that the effective value 


of current is decreased. 


topped waves is in td the mean square value is 
- * ms - c /p . ; . * 


therefore ——. 
ic 


The change in mean square value due to this increase 


in the period of conduction may be represented by the 
following gna ia 


Oe Coane dot ge f= (1—cosx)? da 


epee 
—_ —— 2 

Se On af J? de 

Referring to Fig. 1c, the first term represents the area 

(1) the second term represents the area (2) which is the 

same as (4) and the third term represents the area (3) 

which is enclosed in the dotted lines and is the sum of 


ee 


(4) 


(1) and (2). 
Integrating for 7, - 
eae ae 2 ( Bu a. dha 
At =. ae [ a 0" \ 2 Pans 4 a U 
- 25% (wu — sin u) | 
tor the figure? = eerie: abi 7s 
Substituting this value Aa za in (5) and collecting © 
terms: 
far J? (2 + cosu) sin uw — (1 + 2cos u) u 
A a 


2m (1 — cos u)? 
The minus sign indicates that the change in effective 
value of the current i isa decrease as was anticipated. 
“The effective or root mean square value of I for flat 


‘Due to commutation, the mean square 


a ae (see et eM 2 Sa a 5. L - ee 
value therefore becomes 
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Equation (6) is based on the assumption that the 


effective transformer resistance is the same for all the 


harmonics which make up the current wave for which 
the expression was derived and that therefore in deter- 
mining the effective value of current the harmonics may 
be added in the usual manner to determine the resultant 
r. m. s. value. 

Columns 2, 3, and 4 of Table IT show in per cents of 
the fundamental component the magnitude of each of 
the harmonics in the various coil currents. The values 
were obtained when a d-c. current of value J was deliv- 
ered by a six-phase rectifier, of the connection shown in 
Fig. 2c, fed from a system whose capacity is large com- 
pared with that of therectifier. ‘Theharmonicsin the pri- 
mary and in the anode (6 coil) currents were measured. 
The harmonics in the current of the c coils were deter- 
mined by proportion from the measured reductions of 
the corresponding harmonies j in the current of the a and 


6 coils. 


It will be noted that the actual per cent harmonics in 
the current are not so large as the theoretical values in 
Table I and that the ratio between theoretical harmonic 
current and the test value is greater the higher the order 
of the harmonic. 


This is due to the impedance of the circuit which 
increases with the order of the harmonic. 


EFFECTIVE RESISTANCE 


Based on formulas developed over a period of years 
and tests of a large number of transformers a formula 
for eddy loss in transformer windings has been devel- 
oped, in which the eddy current loss varies approxi- 
mately in accordance with the following equation: 


Watts (eddy loss) = 0.86 Y X1-8%5 (7) 
in which 
X = frequency and Y represents the sum of the other 


factors which determine the eddy loss. — 
It should be noted that in this expression the eddy 
loss varies in accordance with slightly less than the 
square of the frequency instead of with the square as 


- given in various other similar formulas, and therefore, 


calculations based on it will give lower losses than the | 
conventional formulas. For a given winding all of 
the factors that enter in the Y term of equation (7) are 
constant, theretress the preporpanele resistance fj 
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TABLE II 
TT 
1 2 3 4 5 6 7 8 9 
Order of harmonic Test amplitude (peak values) Effective coil resistance Effective values of I (see equation (8) 
a b c a b c 
coil coil coil a bandc coil coil coil 
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frequency for the a coils is 5 per cent, and for the 6 and 
c coils is 12 per cent, greater than the corresponding 
d-c. resistance, indicating an eddy and stray loss of 5 
per cent for the a coils and 12 per cent for the b and ¢ 
coils, which are conservative values. 


COPPER Loss CALCULATION 


From Table II the loss produced by each harmonic 
may be separately determined. 

In order to make the application general, the effective 
coil resistance to a given harmonic, has been expressed 
in terms of the resistance to the fundamental as de- 
veloped from the following equations: 


Watts loss = I,? Ris Dek; = (1) VK) Rf=P R; (8) 
in which 


I, = Effective value of harmonic current 
R, = Effective coil resistance at harmonic frequency 
R; = Effective coil resistance at fundamental 
frequency 
Ri, 
K = R, 
Tome] 5. 4/7 K 


Comparing the percentage values of I’ given in 
columns 8 and 9 of Table II with the corresponding 
values of Table I expressed on a percentage basis, shows 
that they are approximately the same, indicating that 
for each harmonic the effect with respect to the copper 
losses of the reduction of effective current value due to 


the reactance of the circuit is approximately balanced 
by the effect of the increase in effective resistance with 
the order of the harmonic. 


The percentage values of I’ will therefore be as shown 
in columns 7, 8, and 9 of Table II for windings a, b, c 
respectively. 


With this change all harmonics have been expressed 
on the basis of the same resistance and the r.m.s. 
value of the series of harmonics which flow in each 
winding may be determined from the square root of the 
sum of their squares. This determination gives for the 
a, b, and ¢ coils respectively, the values shown at the 
bottom of columns 7, 8 and 9 of Table II. 


For the particular transformer used for the test, which 
is of average design, the losses in the various windings 
were distributed approximately as shown below when 
based on the theoretical r. m. s. values of current given 
in Table I. 

Winding (a) (b) (c) 
Copperloss 42% 33% 259% 

Correcting these percentages for the difference be- 
tween the theoretical r. m. s. values on which they are 
based and the test values of Table II, the following 
percentages are obtained. 

Winding (a) (b) (c) 
Copperloss 43 32.2 25.3 

The sum of the losses of the three windings is 100.5 

per cent indicating that the actual losses are 0.5 per 
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cent greater than the value calculated from the theo- 
retical r. m. s. values of current. Making a similar cal- 
culation using the values of Table I gives 133.6 per 
cent losses. 

There are several points in regard to this calculation 
which should be pointed out. The supply voltage wave 
contained a number of harmonics of small magnitude 
which slightly increased the magnitude of the current 
harmonics and for which no correction was made. The 
magnitude of these harmonics is given in Table III. 

It should be noted from Table II that due to the 
harmonics in the supply voltage, the 19th and 25th 
harmonics in the high-voltage winding are larger than 


TABLE IIT 


Per cent volts a-c. 
supply rectifier shut 
down 


Harmonic 


the 17th and 28rd harmonics respectively, whereas 
from theoretical calculations, they should be smaller. 

Had the tests been made on a connection such as is 
shown in Fig. 2a or 2b the harmonic currents in the 
secondary windings would be those for a three-phase 
circuit, since these connections have multiple three- 
phase secondaries. The magnitude of the harmonics 
would therefore approximate those of the c coils of 
the transformer tested. Since the primary harmonic 
currents are proportional to the secondary currents, the 
accuracy of the primary winding copper loss determina- 
tion would approximate that of the test. 

The tested connection which has been discussed in 
detail is therefore representative of the results which 
would be obtained for any one of the three commonly 
used connections illustrated. 


CONCLUSION 


The transformer copper losses are dependent on the 
magnitude of the harmonics in the current waves which 
harmonics vary in magnitude depending on the reac- 
tance of the load and of the supply, both of which are 
variable, as well as on the reactance of the rectifier 
transformer. 

A calculation of losses based on the r. m. s. values of 
current for flat-topped waves without overlapping 
(Table I), gives results of the correct magnitude. 

Therefore, the proposed A. I. E. E.. Standards for 
Mercury Arc Rectifiers which recommends that the cal- 
culation of losses of rectifier transformers be based on 
flat-topped waves without overlapping, will give values 
which are accurate within satisfactory limits. Calcula- 
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tion by this method has a number of advantages in 
addition to eliminating uncertain reactance calculations. 
These advantages are listed below: 

1. It eliminates involved mathematical calculations. 

2. It eliminates factors which are design features 
and known only to the manufacturer. 

3. It enables purchaser to check the manufacturer’s 
calculations. 

4, It gives safe values of current from which the 
purchaser may determine the sizes of cables to use in 
making connections. 

5. It reduces cost and shortens the time of delivery 
since it obviates the necessity of having the manufac- 
turer set up the complete apparatus, duplicating the 
supply and load reactances and measuring losses by the 
input-output method. As is well known, the input- 
output method is subject to considerable inaccuracy 
due to the fact that it involves the determination of the 
difference between two large quantities. 

6. As will be shown in the third part of the paper, 
it permits separate and direct measurement of the 
losses of the transformer by the usual methods em- 
ployed in testing power transformers. 


Part Il 


It is the purpose of this section of the paper to 
develop the mathematical basis of the methods of deter- 
mining the copper losses of power transformers for use 
with rectifiers which are proposed for the A. I. E. E. 
Standards for Mercury Arc Rectifiers. Proof will also 
be developed that the proposed methods give the losses 
which would be obtained under rectifier operation with 
flat top secondary current waves without overlapping, 
it being the conclusion from Part I that the loss thus 
obtained is equivalent, within satisfactory limits of ac- 
curacy, to that obtained with the actual wave forms 
obtained under service conditions. 

The three most commonly used transformer connec- 
tions are shown in Figs. 2a, 2b, and 2c. 

It should be noticed that two of the circuits a and 6 
have multiple secondaries and that the third c has a 
single interconnected secondary. As a result different 
tests are proposed for the two types of circuits to obtain 
the desired results. The various other transformer 
connections used at times, fall into one or the other 
of these classes. 

Under rectifier operation each anode and the asso- 
ciated transformer winding carries one block of current 
per cycle as shown in Fig. 1. In order to avoid the 
saturation of the transformer cores by the direct current 
carried by the secondaries, an even number of anodes 
and associated transformer secondary windings, di- 
vided into pairs displaced 180 degrees electrically are 
provided. 

Under this condition the primaries carry blocks of 
current similar to those in the secondaries but only 180 
degrees apart, the alternate blocks being of opposite 


sign. 
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The heating effect of such a current will be twice that 
of a current consisting of pulses in one direction only 
and the r. m. s. value of the primary current will there- 
fore be «/2 times that of the secondary current when 
the transformation ratio is unity. 

TESTING OF TRANSFORMERS WITH MULTIPLE 
SECONDARIES 

Considering the connection shown in Fig. 2a: 

If I, is the primary current, I, the secondary current, 
and the transformation ratio is unity, then as has been 
shown in the preceding paragraph I, = \/2 I.. 

If R, = resistance of one primary coil 

and R, = resistance of one secondary coil 

then total copper loss W., = 31,27R, +612 R, 
=3I?, (Rp + RB.) (9) 

If only one secondary winding is short-circuited for 
the copper loss test, then I, will equal J, instead of \/2 I. 
and the resistance will be R,. 

The total copper loss for this test will therefore be 
Wie ea od eo de he = Od nis cl lve) (10) 
which is identical with equation (9) and therefore gives 
the correct loss. 

Considering the transformer connection shown in 
Fig. 2b: 

For this connection the transformer copper losses 
under rectifier operation will be 

Woe = 317 kh, +1272 Rk, (11) 
The various symbols have the same meaning as ex- 
plained in the preceding paragraph for the connection 
of Fig. 2a. 

It can be shown that for the connection of Fig. 2b. 

T= 01364, 
Substituting this value for J, in equation (11) 
Wa =— oleh, + 1597 Kh, (12) 

Two tests will be required to determine the copper 
losses of this connection. For the first test two of the 
secondary wyes are short-circuited and the losses mea- 
sured with rated sinusoidal current held in the primary. 
Assuming a 1:1 ratio of transformation the total copper 
losses will be: : 
Li =31/R,+1.51,7 RB, (13) 

For the second test all four secondary wyes are short- 
circuited and losses measured as in the first test. For 
the second test the losses will be: 


Ip = 317K, +.0.75 1,7 R, (14) 
Solving equations (13) and (14) simultaneously for 
R,and R, 


Dips 

Rear ways (15) 
Ly — Le 

ea TG 75 Ee (16) 


Substituting these values of R, and R, in equation (12) 
We, = 1.12 L, — 0.12 L, (17) 
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which is an expression for the transformer copper lost 
in terms of the loss measurements of the two tests 
connections. 

It is essential to successful rectifier operation that the 
multiple secondary circuits be so placed with respect to 
the primary that each can operate independently as the 
full secondary. For this reason short-circuiting only 
half of the secondary coils does not alter materially the 
magnitude or distribution of the stray losses. Further- 
more, the slight alteration that does occur tends to raise 
the reactance and therefore the losses. The increase is 
slight, however, as tests of a number of transformers 
give values of impedance with one-half of the secondary 
short-circuited that average only 5 per cent higher than 
the value with the full secondary shorted-circuited. 
The maximum increase in reactance obtained.in the 
extreme case was less than 10 per cent. 


TESTING OF TRANSFORMERS WITH A SINGLE SET OF 
SECONDARY WINDINGS 


Under rectifier operation assuming flat-topped waves 
without over-lapping each of the outer 6 coils (Fig. 2c) 


TEST No.1! 


TEST No.2 
V3 Ip 
Is Is 
Is 
TEST No.3 ; 
mi Se 
Fie. 3 


of the secondary carry the full d-c. for one-sixth of a 


cycle. Its effective value therefore, is 
I DC 
I, =a /6 (18) 


Similarly the inner ¢ coils carry the total d-c. for one- 
third of a cycle and the effective value is 


Ipc 
le ae V/3 (19) 
Assuming a 1:1 ratio of primary to one secondary coil 
2 Ip . 
Es va V/6 (20) 


The copper lossesare therefore 
W.a=612R,+3812R,+312R, (21) 
Substituting in (21) for I,, I », and I., their values from 
equations (18), (19), and (20) 


: Wu = (2R, + Rs + R.) Inc? (22) 
From (20) wt 
PC TE: 
aes boca 2 
pera au value for Ipc in Ge) 


In a i ards an deseo test of the power 
transformer and obtain the losses for rectifier operation 
as given in equation (23) three copper loss tests will be 
made to obtain three equations and permit solving for 
the three unknowns—the effective a-c. resistance of the 
_ three sections of the windings. _ 

The three test connections are shown in Fig. 8. 

- Denoting the loss which will be measured in tests (1), 
(2), and (3) by Li, L2, and L; respectively, the loss 
equations will be as follows: 


Tee he Gi hel oRy 2k) (24) 
Ly = 31,?R, + 8 (V3 1,)? Ry + 612 Rs | 
=12(8Ri+3R2+2Rs) (25) 

i = 818K +318. + 812 Rs 
: ee Rater, eR (26) 


Solving equations (24), Salty and (26) sau ancously 
fOr ia, Rand Rs _ 


janie ee SS ioe Soe 
Le— I, =8 I? Te SUneLeLOre.. -lbs.= aa some - (27) 
Fs ‘ : 3 Te ‘ 
Ine Ly = Tf -R») therefore — Oh: 
eos re Or ea 85 | 
2 Rs 40 L; soe Ly eer (29) 


a etbes «OT? 
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CONCLUSIONS 


It is therefore possible to test the main transformers 
of the various rectifier connections independently of the 
rectifiers, making the tests by the simple methods used 
for ordinary power transformers. From the readings 
thus obtained the losses which would be obtained under | 
rectifier operation with flat-topped waves and no over- 


lapping may be determined. This loss as shown in the 


first part of the paper, approximates within satisfac- 
tory limits the loss obtained under actual operating 
conditions. 


; Discussion 

W.M. Goodhue: Referring to equation (2), the symbol L 
is used as the inductance of the circuit between anode and 
neutral and this implies that the inductance of the two anode 
circuits are equal to each other and are constant at all times. 
If transformers having only one (two-terminal) secondary coil 
and one primary coil per ‘‘window’’ of the transformer could be 
used, the leakage flux paths would have a definite shape and a 
single value of leakage inductance could be used, provided the 
exciting current required for the iron is neglected. But with 
rectifiers, however, this arrangement is impracticable, since 
the d-e. component in the secondary current cannot be reflected 
in the primary and the iron would therefore be saturated in a 
single direction and to an extreme degree. Hence with rectifiers 
at least two secondary coils (or a three-terminal coil) per window 
must be used, so that the d-c. components of their m. m. fs. 
In Fig. 2c, either coils 6; and be, or - 
coils bs, bs and cs. ete. must all occupy one window. Thus the 
two coils corresponding to the two anodes which are firing ~ 
simultaneously must, at least in many parts of the cycle, occupy 
the same window. Under these conditions the leakage fiux 
paths must be changing shape with time as the proportion of 
current between the two anode currents changes with time, 
the sum of the two currents at all times during the commutation 
period being nearly constant. This requires that at least three 
different leakage flux components (or self and mutual induc-— 
tances) must be considered instead of one single inductance as 
in equation (2). A rigorous solution of these conditions would 
lead to differential equations of at least the third order if all 
unknowns but one are to be eliminated. Under these conditions 
it may be shown that the use of several constant self and mutual 
inductances is sound with the changing shape of the flux path, 
and with undetermined and peculiar wave forms. ’ 

The use of such constant inductances presumes that the 


: leakage flux can be divided into components, each leakage flux 


being proportional to the m. m. f. producing it, and of NEU 
shape, each m.m.f. being taken singly. This | is~ ti in 
ap of ie ge that one m. Fea when acti 
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Where 
A, = vector potential of point p. 
dv = element of volume. 
Ip length of line drawn from P to d v. 


if 
— Curl # 
47 
———_—_——- dv 
lp 


1 
Sie, Curl H = eurrent density (of winding). 


To take account of the boundary condition H = O at an iron 
surface with one m.m.f. acting alone, set A = O at the iron 
surface. This gives a vector surface charge, 0;, induced on the 
iron surface (analogous to electrostatic induced charge). Then 
the total A due to one m. m. f. acting alone is, with its 0, de- 
noted by A»: 


I 
. Curl Hy 
47 O71 
gts (al C guetta ae per bael dS 


P lp 


Curl H, is 0.4 7 times the current density (amperes per 
sq. em.) in the coil containing m. m.f., F; and 0; is an induced 
vector charge due to this same m. m. f., so that A, is completely 
determined. Thus Curl A; is determined, giving H, the leakage 
field density due to one m. m. f. alone with the boundary condi- 
tion of unsaturated iron. As o depends only on the geometry 
and the current density, H; is proportional to the m. m.f., Fo. 
For similar reasons any one of the three constant self and three 
mutual leakage inductances may likewise be used, all-of them 
being needed in the differential equations. Propagation and 
distributed capacitance effects have, however, been neglected; 
proximity effect on the leakage inductances with certain con- 
nections (as conductors in parallel) may occur also, although 
with conductors in series, it is chiefly the equivalent resistance 
which is affected. 

Referring again to equation (2) the resistance drops have 
been neglected. These resistance drops are not negligible during 
commutation, because of the small magnitude of the e. m. fs. 
involved. Also there appear to be errors made in the signs and 
time origins of e; and eé2, for e, and é» essentially oppose each 
other at the moment of commutation, considering the closed 
loop, through phases 1 and 2. Hence e; and e: should have 
opposite signs if on the same side of the equation rather than 
the same sign as given in equation (2). 

Furthermore, on page 1005 it is stated that the core loss test is 
to be made in a manner similar to that used in ordinary power 
transformers. It should be remembered, however, that the 
exciting current of ordinary transformers is exceedingly small. 
Even if a circuit is used which, with proper placing of the coils 
in the windows of the transformer or transformers avoids 
extreme saturations due to the full effect of the working load 
m.m.f., a very slight unbalance due to mechanical and elec- 
trical discrepancies in the accuracy of construction and operation 
of the entire system would produce very considerable saturation. 
Some method of testing can probably be devised whereby this 
condition may be similated as for example by circulating a direct 
current of the correct magnitude in addition to the working 
alternating exciting current through the windings. The result 
could then be plotted in some such form as per cent increase 
in core loss as a function of the per cent unbalance under several 
operating conditions. To obtain the direct-current component, 
a small direct-current e. m.f. might be inserted during the core 
loss test in series between the supply alternator and the trans- 
former, using a direct-current ammeter to indicate the amount 
of unbalance. 

_ E. V. DeBlieux: It must be recognized that a rigorous 
solution of the conditions during commutation requires, as 
pointed out by Mr. Goodhue, that the mutual inductances and 
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the resistance drops be considered. In addition, the fact that 
the are drops are not equal at each instant and that there is a. 
ripple in the d-c. current must also be considered. 

In order to simplify the calculations incidental to commercial 
design, these refinements have been eliminated and the simple 
formula given in equation (2) obtained. This simplification 
was justified both by test results and the following considerations: 

During the interval when current is commutating between 
two anodes the current in the other anodes which are active, is 
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fairly constant. As a result the mutual effects between the coils 
active in the commutation and other coils are small. For some 
connections such as Fig. 2a when current is commutating between 
two anodes all other secondary coils of the same legs with the two 
involved in the commutation are idle. Therefore, there are no 
mutual effects in this case. The same is true of Fig. 2c with the 
exception that for commutations such as between anodes 2 and 3 
there is an inductive effect between coils B, and B;, but as the 
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design practise is to wind the turns of these two coils side by side 
for their entire length, the inductive effects are small. 
Figs. 1 and 2 show the difference between considering and 


neglecting resistance drops. Fig. 1 applies to the connection of 


Fig. 2a of the paper and Fig. 2 to connection Fig. 2c. The cal- 
culations were made in accordance with the method given on 
pages 214 and 216 of the book by Prince and Vodges—‘‘Mereury 
Are Rectifiers and Their Circuits.’ In both figures curve A is 
the eurrent curve neglecting resistance and curve B the current 


 eurve including resistance. The equations from which the various 


5 Ve 


components were calculated are as follows: 
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The calculations are based on the assumption of 3 per cent 
commutating reactance and 11% per cent resistance per phase, 
in order to check the statement in the Treatise of Dallenbach and 
Gerecke that the resistance may be neglected if it is less than 


_Y the reactance. 


Examination of the current waves and their components 
shows that while the components are very different under 
two conditions the resultant waves are almost identical. This 
is because the error introduced in assuming no resistance and 
therefore no decrement in the transient accompanying the 
start of the commutation is well balanced by the error due to 
neglecting the effect of resistance on the phase and magnitude 
of the alternating component of the commutating current. 


For the connection of Fig. 2c, when resistance is considered, 


-commutation occurred between 2.7 deg. in advance of the time 


when the open-circuit phase voltages are equal and a point 
35 deg. later than this time. If resistance is neglected, commuta-— 
tion is from O deg. to 36 deg. Since for normal designs the 
resistance is from 1/3 to 1/5 of the reactance it is evident that 
the resistance may safely be neglected. 


The effect of variations in are drop and of the Abech ey in the © 
d-c. current has been found to be of approximately the same order 
of magnitude as the effect of Penistcece and has similarly been 
neglected. 

Test readings of d-c. saturation of power transformers show 
that the per cent exciting current increases approximately as the 
per cent saturating current while the core and stray losses in- 
crease very roughly as the square of the per cent saturating 
current for saturations of the order of 10 per cent or less. A 
saturating current of more than 1 or 2 per cent, therefore, should 
not be neglected. The records of commercial test which I have 
available all indicate less than one per cent saturating current. 


The Theory of Thermal Breakdown of Solid 
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Synopsis.—The purpose of the paper is to correlate the work 
which has been done on thermal breakdown and to put it in a form 
in which it can be used by the electrical engineer in the calculation of 
breakdown voltage. Besides a treatment of the Fock theory, the 
paper includes the derivation of new formulas for breakdown of 
very thin and very thick samples and for internal temperature rise 
and current. A startling fact brought out by this analysis is that 


before breakdown the internal temperature never rises more than 
about 10 deg. cent. above ambient temperature. The Fock tables 
of breakdown voltage are extended to cover a wider range of tem- 
perature and thickness, and the results are put in several convenient 
forms for numerical calculation. Experimental data are also 


presented to verify the theory. 
* * * * * 


HE theory of thermal or pyro-electric breakdown of 
solid dielectrics has been in the process of develop- 
ment since 1922 asa result of the theoretical work 

of anumber of investigators. It isnotthepurposeof the 
present paper to present a new theory of thermal break- 
down, but rather to put the complete theory in sucha 
form that it can be readily used in the computation of 
breakdown voltage. 

The theory of breakdown of solid dielectrics as a 
process of thermal instability was first suggested by 
K. W. Wagner! and later modified by Karman,‘ 
Rogowski,? and Dreyfus,? but it was not until 1927 that 
the high order of mathematical ability of V. Focké 
gave us the complete solution not only for the resis- 
tivity law p = poe 7” butalsofor p = p; e*/T. 

The present discussion follows Fock’s original paper 
with the following changes: 

a. Theassumptions are explicitly stated. 

b. The three tables of results of the Fock theory 
have been extended to cover all thicknesses and a wider 
range of temperatures. 

ec. The breakdown voltage has been calculated 
hitherto by a tedious cut-and-try process using all three 
tables. In the present paper this has been simplified 
and the results given in the form of new curves and 
tables (Appendix C), thus greatly reducing the labor 
required for breakdown calculations. Expressions are 
also derived for the special cases of very great and very 
small thickness. 

d. The results are extended to include not only 
breakdown but also internal temperature rise and cur- 
rent for any condition up to breakdown. 


MATHEMATICAL THEORY 


Consider a plate of homogeneous solid dielectric 
of thickness d and of large area (Fig. 1). The electrodes 
are of conducting liquid at temperature 7, or of metal 
so thin that temperature drop in them is negligible. 
The assumptions are: 
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1. All heat flow is in the z-direction. This will be 
approximately true in practise if the ratio of plate 
thickness to electrode size is very small. 

2. The material is perfectly homogeneous with no 
weak spots. 

3. Only the direct-current case is considered, with 
the voltage raised so slowly that thermal equilibrium 
obtains at all voltages below the breakdown value. 

4. Thedielectric isin a homogeneous electric field. 

5. No electrolytic polarization is present. That is, 
except for the effect of temperature, the resistivity of the 
insulating plate is independent of z. 

6. The thermal conductivity is independent of 
temperature. 


¥--Y 


Fig. 1—Samepue or DieLectric with THIN ELECTRODES 


Derivation.* Fock has shown that the equation for 
thermal equilibrium is 


aT g dg 
bia + ; = 0 (22a) 
whose solution is 
Tay 
g?=2ki f p(T)dT (23) 
ih 


where p (T’) is the resistivity of the dielectric expressed 
as a function of temperature. Boundary conditions are 
introduced, resulting in two simultaneous equations: 


Ad 


Shree ron ee che 


2 ky S's QDidT oes 


(T;- To) mS 0 
(27) 


*See Appendix A for list of symbols. 
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Substitution of pT) ="po € a Equation (27) ap- 


plies to any form of resistivity law: =" pil eA Oe 

the law, Pp = po 77, these equations reduce to 

2 Gy a Ath Cc 

iy. € ee \- Es SEs eae Latics To) =() 

: (31) 

ee ee ee ia Y a's ‘ 
ci Sly EE SL gn SS | 2 — 42 
otibe % 2 ki po ks : 


- To 
Fig. 2—Reuation Between Maximum anp AMBIENT 
TEMPERATURES IN A SAMPLE OF DIELECTRIC 
' Breakdown occurs at P 


! 


where 
fv = x See g1 which is directly proportional to 
Tea hene eames Bo applied voltage. 
and ps 
ae ee which is directly proportional to 


ens ‘ thickness. — 
Eliminating the unknown Tin (3 1), we obtain 


er a . Tm 1 NT an 
aS = — oes Terre See Se 
i n (ve ? SW Ay) eee 
re : tal ( ) 5 y ei a v € yTm / 


0 (32) 


es ia te 


0. and a the (32) can aye Boe for one 
, giving a curve like ee of poe - 
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equating to zero, which gives the particular 7) and 7’, 
corresponding to the point P. Using the resulting new 
equation in conjunction with (32), we obtain 

— To 


(9) 


v =€ 


or V,=2 4 ae CLO jemes et ree) (35) 
where V, is the breakdown voltage for the sample and 
X (c) isa function of thickness which is plotted in Fig. 8. 
Equation (35) shows that the breakdown voltage is 
an exponential function of the ambient temperature and 
is directly proportional to the square root of the resis- 
tivity, while Fig. 3 shows the effect of thickness. 
Temperature Rise Within the Dielectric. The thermal 
theory of breakdown concerns itself with the voltage at 
which instability oceurs—the puncture voltage of equa- 
tion (35). However, the investigator may be interested 
also in conditions at voltages below V, and may wish to 
know the maximum temperature within the dielectric or 


_ the shape of the voltage-current curve. The former 
may be obtained from the relation: 
xT | ) am 
a Aut 2 aroUco-! ee o020 Gh — 
gaa A SM? 
= a tan-*¢ (36) 
mee 8 9 0 1. . 2 3 4 
09 
08 | : ial Cort eet 
o7b { ty | 
oy EECEEEEEEEEEE oH 
£05 rH LI t+ | 
04 a HHH + 
02+ Soenose =} 
0.1 ; Be | 
i SER AEE ea 2 ae 


Igc 
_ Fie. 83—Tue Function 2 (c) 


used in calculating breakdown on the basis of the resistivity law: 


= po eat: 


ip al . “a 
¢ is a parameter whichis directly proportional to thickness (See A 
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which gives the set of curves of Fig. 4. These curves 
allow the calculation of the internal temperature rise 
for any material of any thickness and at any voltage. 

Thus the determination of the internal temperature 
at the mid-plane of the insulating plate is made from 
Fig. 4 with very little trouble. The value of c is com- 
puted as in breakdown measurements, which deter- 
mines the particular curve to be used. The given 
voltage and ambient temperature determine the 
abscissa: 


(23"+2.303 Ig v) 


_ 


INCREASING MAX. TEMP. —> 


86 54 23 -2 Si iW. «il 


INCREASING AMBIENT TEMP. ——> (2 +2.303 Igv) 


Fig. 4—InTERNAL HEATING 


Maximum temperature in a dielectric as a function of ambient tempera- 
ture, voltage, and thickness 


( 7 42.8026 790 ). 


The value of the corresponding ordinate, 
( a cad he 
PA 
is read from the curve and the actual 7’,, obtained. 

These curves show that over a wide range of voltage, 
there 1s no appreciable rise in internal temperature. Near 
the breakdown voltage, however, the internal tempera- 
ture rises rapidly as indicated by the fairly sudden 
departure of the curves from the linear relationship. 
But even at the instant of breakdown, the internal 
temperature rise is not very great. Reference to 
Fig. 4 shows that throughout a wide range of thickness, 


the curves at breakdown only rise above the straight 
line by approximately 
7 To 


YT ne 
— = 9 5 0.55 


Thus the maximum internal temperature rise does not 
exceed about 


+ 2.302619» ) 
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2 (0.55) 
y 


which, for an ordinary value of y = 0.1, becomes 


2 (0.55) 
Po= 0.1 


This seems surprisingly low in view of the usual con- 
ception of a temperature rise of several hundred degrees. 
For the very thickest samples the temperature rise is 
seen to be slightly greater than this (Fig. 4), but the 
effect of thickness is in general very small. 

The Current-Voltage Curve. In 1922, K. W. Wagner 
gave curves of current vs. voltage for various solid 
dielectrics. Such curves can be obtained also from the 


(shy — 


(ee = 11°C. 


10 2050° 


0.1 


0.001 


0.0001 


-6. -5 -4 -3 -2. -l 
INCREASING VOLTAGE + ( 722+2,3026 lg v) 
Pre. 5 


y To 
Values of f C, ran +2.30lgv 


Used in obtaining current density: 


2 \/ 2 ky xy To 
ei ie ale 2 +2.30lgv 


above theory. An equation for current density as a 
function of v and ¢ is easily found: 


2 2 ky 
| Reaaagn vo nae 
2 ye ky OY T | 
SiN fle 5 +2.3026 1.90) | (38) 
t 
The function ile, ( - 4 2.30261 gv) | has been 


plotted in Fig. 5 to facilitate the calculation of current 
density in dielectrics at any temperature or voltage. 


he 


September 1931 


From the known values of c, Ty, and v, the corresponding 
value of f is found from the curves; and the actual cur- 
rent density is then obtained by multiplying by 


2 ti 
a od Y Po - 


To show the actual shape of the current-voltage 


curve, a special case has been plotted by the use of Fig. 
5 and equation (38). This is shown in Fig. 6. 


It will 
be noted that the material obeys Ohm’s law to a close 


approximation nearly up to breakdown. Of course, » 
_ close to the breakdown point there is an internal tem- 


perature rise with a resulting reduction in resistance. 
Fig. 6 shows very clearly, however, that the ordinary 
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Fie. 6—Current Density tn 4 SAMPLE OF DimLecrRic 


po = 1076 ohm-cm.. 
ve Os LOR 8 

: To = 400 deg. K 
ki = 0.010 
A = 0.020 

: d =10cm 

’ c .= 1.0 
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in the usual manner. The resistivity to be used in these 
calculations must be the unpolarized resistivity and the 
resulting calculated values will be for the electrolytically 
unpolarized dielectric. Recent research at the Massa- 
chusetts Institute of Technology with non-polarizing 
electrodes of molten Na NO; and samples of glass or 
fused quartz show that Ohm’s law is obeyed over a wide 
range reaching nearly to the breakdown point, a result 
which is quite in: agreement with the above theory. 
The use of unpolarized resistivity values in the formulas 
for breakdown voltage also gives predicted puncture 
voltages which check the experimental values obtained _ 
with non-polarizing electrodes. — 


DERIVATION OF EXPRESSIONS FOR BREAKDOWN 
: VOLTAGE 


(Using the law: p = p, €*1/T) 

' Equations (27) are valid for any form of resistivity 

function. Weshall now use the law: 
Pp (Ll) = pi Cut (2) 

This is introduced into (27) and the condition of in- 
stability is used, resulting in the three final equations: 
tes, eee : 
tT) Im t2lnseca 


Rae f tan nd 7 
C % (m+21n sec )?Vf(tm+2 1 n sec 1)—f(em) 


t= V/f@n £21 n sec a) — f(Lm) 


1 ° cos n sin nd n (41c) 
c¢ =2vsec? af er ; 
0 Vi (Gm +2 I n Sec n)—F(&m) 
where 
eS Cees en Bx 
Arial ss peti ne ty een 
Ad. RY cle onan 
= = 9 Bee (directly proportional to the thickness d) : 
G1 ae. , ea 
y = — = (directly proportional to the applied 
V2 ky pibi \ . i ae 
voltage) and qis defined by the relation: Sh, sa 
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However, the integrals can be evaluated graphically or 
mechanically for any given values of x,, and @ and the 
calculated values can be tabulated. 
CALCULATION OF BREAKDOWN VOLTAGE 
(For p = p; €°1/7) 

Three methods of calculation will be discussed below: 
the original Fock method and two modifications de- 
vised by the writer to simplify the work. Special cases 
for very small and for very great thickness will be given 
and an approximate method for using equation (35) 


will be discussed. 
First Method. Equation (41c) gives three factors: 


—., v, and ¢ which are functions of xz, and @ only. 


Fock tabulated these factors, making one table for 


= 


Approximate Formula 
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of a and the known 1/2) are used to fix x, from Table 
2. The values of x, and a are used in Table 3 to 
determine the function v which is directly proportional 
to breakdown voltage. 

It will be noted that for small values of a, Table 1 is 
independent of x, so that the first step, the determina- 
tion of a, is simple. In many cases, however, an as- 
sumption must first be. made as to the value of z,, and 
several trials may be necessary before both Tables 1 and 
2 are satisfied. 

Second Method. The three tables of Appendix B 
give v, c and 1/x) in terms of the parameters x, and a. 
In using the tables we eliminate these two parameters 
and finally obtain v (proportional to breakdown voltage) 
in terms of ¢ (proportional to thickness) and 2 (in- 
versely proportional to ambient temperature). Ob- 
viously this elimination of x, and a for each numerical 


Fig. 7—BREAKDOWN VOLTAGE 


calculated according to the thermal theory for the resistivity law: 
p = px (10)8/T 


1/x, one for v and one for c. The range of the tables 
was 12 52%, £22 and 0 < a < 60°. In using the 
tables in practical work, it was found that the range 
was often insufficient, and thus further values were 
computed to extend the tables to all thicknesses 
(0 < a < 90°) and to lower temperatures (x,, up to 42). 

The tables of Appendix B are used as follows: 

Values of c¢ and of 2 are first calculated from the 
known properties of the sample of dielectric. 


[ ae 
| com 2 ky 
Xo = Bi/T 


Table 1 is then entered with the above value of c and 
the proper value of @ is thus determined. This value 


td 


calculation is unnecessary—it should be done once for 
all in making the table so that lg v can be obtained 
without the intermediate use of x,, and a. 

This has been done in Appendix C, where the three 
tables have been reduced to one by the elimination of 
the two intermediate parameters. In making this 
change it was thought advisable to change the resistivity 
law from Naperian base to the base ten, since such has 
been found much more convenient for calculations. 
Thus the resistivity law . 

p = px (10)*/7 (2a) 
is used, where pi has the same value as previously 
and B = 0.484295 B, 


The table of Appendix C will thus be found much 
easier to use than the previous tables, especially since 


ts 
a 
7 


a aoe 
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it eliminates most of the troublesome PREETI aicoei in 
tables of double entry. Fortunately the variation of 
lg v with yr T is very nearly a linear one, so linear inter- 
polation is permissible even though the tabulated 


values of 6/T are fairly far apart. 


The results of the table have been plotted in Fig. 7 to 
eliminate all interpolation. 


The curves also give a 
much better picture of the results than can be obtained 
from the table. It will be noted that for small values of 
thickness (gv < 9.0— 10, approximately) the lg v- 
curves are straight lines having the slope of exactly 
0.500. This shows that breakdown voltage of thin 


‘samples varies as the square root of the thickness, a 


conclusion previously mooched by Rogowski and 


Karman. 


The curves also show that for great thickness the 
breakdown voltage becomes almost independent of 
thickness, which is also in agreement with previous 
results. Between the two extremes, the breakdown 
voltage follows a smooth curve whose form is definitely 


established for the first time by the Fock treatment. 


That J gv varies almost linearly with 1/7 is indicated 
by the nearly constant space between all curves. 

‘Special Cases. The shape of the curves of Fig. 7 
naturally leads to an attempt to obtain analytical 
solutions of equation (41c) in the two special cases of 
very small and very great thicknesses. 


- Small Thickness 


ae 
For this condition, SEC RCo eet 9 and In sae 
a2 at, Neglecting higher-power terms, equation 
(41c) reduces to 
Dnt a OP 
Lm 
es (41d) 
i ere a eal : 
ee bate Be == 


which gives 
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calculated by (49a) are shown dotted on the left side 
of Fig. 7. 

A comparison was made of tabulated values (Appen- 
dix C) and values calculated. from the equations for 
small thickness: 


1/aty = 1/stm [1 — 1/tm] (46) 


Lm a 
Lg» = 0.434295 (—“ ) +. 1g— (43a) 


Calculations were made at a = 2.5° and the results are 
given in Table I. This shows a good agreement be- 
tween the two and thus constitutes a check of the above 
equations. 


TABLE I 
1/20 lgv 
Lm Formula Table — Formula Table 
LS aera 0.076389...... O207639 Ne een 16640n eee 0.1666 
ye Oe eg ear 0.066326)... - OO066382) 2.2m: O33 7br.ackn < 0.5340 
Ge sera) RO58 59405. eater: OFO5859 Fits te O. 91004555 soak. 0.9103 
PS iea oan, 0.052469. ..... 005247 2. goo TUSPE EMM A San ae 1.2934 
BOS St 0.047500. ..... OO4750 7. ans Le Gelso. anos 1.6820 
PRN AE BIT 0 OFO4S3SS8e 0 seen O}043390).2%-5.... 2 OFAGS ease 2.0749 
Bede reid Ce 030273 4.4 oe OnOSO27On hee £ (O8838% osc tan-s 4.0840 
MONE LONO2 3240 ae 0028239 ee On SGD Ee On IS 
b. Great Thickness (a > 7/2). 
Let v be the small angle given by v = 7/2-— a. 


Expanding in series in terms of v, we obtain from (41c): 


xm 


2 


€ at 
SS SSS SS es 
eer ewer rene) 


(51) 
28 & N14 geome i 
i tm + A2bnT/y 
Capac Ca (Lm + 210n1/v) 
(52) 
1 1 (57) 


tent tn + 2Iln1/v 


from which 
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constant; that is, the variation of » with temperature 
should be the same at both extremes of c. To determine 
how far the curves depart from exact parallelism, values 
were computed by both equations. A constant was 
added to the values for small thickness in order to make 
the two columns identical for 6/7’ = 10.0. 


Hn AC ee 02m. oO Sieiee OA Og 8s 10.00 07s Suen 10,, 
wi Ige—e lg c=3.0t040 | jd 
3.6 Te c= 2.0 to 3.0 a6 
Jg c= 10 to 20 
4 
3.5 | == + = 3.5 
34 4 + ——} + 34 
ye 48 
1E°) ‘ | | re, 
33 \ sith a 
32 L 3.2 
3.1 + = 3.1 
NS E S | 
3.0 TED 0% 3.0 
| a —4 29 
29 a= if 
eo ZA S 
28 b= 3 28 
27 | ‘me = = — 2.7 
2.6 pone 2 = Bi 
AS 
98 
Ko 
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° 
at 24 
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a2 9 2.2 
Tae 
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Fig. 8—BrEAKDOWN VOLTAGE 


calculated according to the thermal theory for 8/T = 10.000 


The results are given in Table II. It will be noted 
that the curves are not exactly parallel, but the differ- 
ence is less than 1 per cent in all cases and is thus 
negligible in practical work. 


TABLE II—COMPARISON OF FORMULAS FOR SMALL AND 
GREAT THICKNESSES 


B/T ligv(d>©) lg v¥(d>0) Difference 
tas eae, hock tae ES OTs Bierckecaricc. Hee SM OD rts 1 Acre errs —0.01016 
7), SCH ren PRPS y (a ie te RLS OG) A o5s.5.%, sere he —0.00611 
Sons PEA COLE G ake ccioees < Datel? (atte If: eek eee ean —0.00343 
I, os co wig Oe OTOL. «cies eons By A00G2 E425 ches —0.00249 
TOR, » «sie cD ODSODs a6 em cus BODOG ss 56106.0 019 6 0.00000 
OE BE COGO. an. bien 7 TL COURS We ary en eee +0 .00208 
URE, toc Re, > eee 5.97509: tak tee ie DEO UA Tha conics tieck ae +0.00405 
VUE Tae Si SAOGS.s: teretedeaciy foie 5 1715 +0.00591 


*Computed for d -> 0, and arbitrary constant added to give same results 
for both columns at 6/T = 10.0. 
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This suggests the idea of using only one curve of 
voltage vs. thickness (v. vs. c) and applying a correction 
factor to take account of the temperature. The curve 
6/T = 10.0 was arbitrarily selected for the standard 
curve and has been replotted to a larger scale in Fig. 8. 
For the values of 6/T other than 10.0, a correction must 
be applied to obtain the correct breakdown voltage. 
In other words, the (6/7 = 10.0) curve of Fig. 8 must 
be shifted up or down a certain distance depending 
upon temperature. This correction was computed 
from equation (58a) and is plotted to a large scale in 
Fig. 9. (Also see Appendix D). The method is seen 
to be very much more rapid than the previous ones. 
It requires no interpolation whatsoever and is accurate 
enough for all ordinary purposes, the assumption of 
exact parallelism of all the curves introducing less than 
1 per cent error in the worst possible case. 


ADD TO VALUES FROM FIG. 8 


lg v CORRECTION 
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Fic. 9—CorrEcTION CURVE 


for calculation of breakdown voltage. Corrections to be applied to Fig. 
8, to take into account the effect of changes in 6/T 


THICK ELECTRODES 


The previous discussion has been for the case of no 
temperature drop in the electrodes. The electrodes 
are assumed to be in intimate contact with the dielectric 
and of negligible thickness, or they may be in the form 
of mercury or other molten conductor which is in con- 
tact with the specimen and which is assumed to be at 
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‘constant temperature. In practise, other arrangements 
are often used, and it is the purpose of this section to 
find what modifications must be made in such cases. 
Consider first the case of thick plate electrodes in 
intimate contact with the specimen. The various 
thermal quantities to be considered are k,, the thermal 
conductivity of the dielectric, k, the thermal conductiv- 
ity of the electrodes, and ), the dissipation coefficient 
for the outer surface of the electrode. The introduction 


of the extra quantity k. merely changes c. The former 
expression: 
hd 
Cie oop. (61) 
changes to 
do ke d 
CE a aay 583) 


Haying calculated c by (64), the rest of the procedure 
in obtaining V, is exactly the same as before. 

The second possibility is that there is a temperature 
drop between dielectric and electrode as well as the drop 
in the sample, in the electrode, and at the outer face 
of the electrode. This again introduces only a modifi- 


cation in ¢. 
Ai Ae ke pd oe 
Maybe ee Sibir ie ee 
where A. = watts cm. deg. between sample and 
electrode. It will be noted that (69) reduces to (64) 


of \,> © (no temperature drop), while it reduces to 
(61) if \2> © andé6>0. 


EXPERIMENTAL VERIFICATION 


Introduction. Inge and Walther! proved in 1926 
that the breakdown voltage of glass varied with 
temperature as predicted by the thermal theory. The 
variation with thickness was also checked to some 
extent, and thus there was considerable reason to believe 
that the thermal theory was correct. However, the 
only attempt to check the predicted numerical values 
was made by Inge and Walther“ on porcelain in 1927. 
Flat specimens were clamped between other plates of 
the same material, and these in turn were held between 
heavy copper electrodes. The assumption was made 
that there was no temperature drop at the various surfaces. 
That is, \ was assumed to be infinite. But this is at 
variance with our experimental results which show that 
even with the greatest care in using flat surfaces and 
eliminating air films, \ has a value of about 0.051 
watts cm.-2 deg.-! between glass and metal surfaces. 
Using } > ©, Inge and Walther calculated values of 
breakdown voltage which were considerably lower than 
the experimental values as shown in Table III. If our 
experimental value is used for 4, the discrepancy is still 
greater so that no check is possible. For instance, the 
first breakdown voltage in the table falls from 525 volts 
to 62 volts. This is no reflection on the experimental 
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results of Inge and Walther nor upon the theory. 
Evidently the use of these comparatively thick samples 
of not particularly large area does not even approximate 
the condition of one-dimensional heat flow postulated 
in the theory. 


TABLE III—COMPARISON OF CALCULATED AND EXPERI- 
MENTAL VALUES OF BREAKDOWN VOLTAGE FOR 
PORCELAIN AT 313° C. (INGE AND WALTHER)!4 


Vb (volts) 

d 6 cale exp. 
0.185 em Paco a he bd nai her, 8 a EO «atta seahvetens er tae ix 750 
OF AGO vira gets wane eee es Osteen: cee CRO ae a eee 1050 
0.900. (et. 8 a= | een Be TOO F.. dst dessa Sheree: 1370 
OMLSi peers: a herent Oh eres erent ott csce BO avo ale cel ch sascese 590 
0.460. OsOF sie oes et AOD Seite tees 810 
0.900. (O50 Fs Mee oa G60 ts Se eae 1090 


An attempt was made at the Massachusetts Institute 
of Technology to satisfy the requirements of the theory 
by using thin hollow spheres of fused quartz. These 
specimens had a very large area in comparison with the 
thickness, the radius of curvature was so great that 
the samples could be considered as flat plates, and the 
surfaces were in excellent contact with the electrode 
liquid. Non-polarizing electrodes of sodium amalgam 
or sodium nitrate were used. Such tests satisfy all 
conditions imposed in the derivation and should thus 
give results which can be used to test the quantitative 
validity of the thermal theory. 

In order to calculate breakdown voltage, it was first 
necessary to obtain data on the thermal conductivity, 
the surface heat dissipation coefficient, and the unpolar- 
ized resistivity of the materials as a function of tem- 
perature. ; ; 

Unpolarized Resistwity. With soda-lime glass used 
with ordinary electrodes and direct current, the sodium 
ions under the action of the field drift away from the 
anode and gradually produce there a poorly-conducting 
layer deficient in sodium. This well-known fact was 
discovered by Warburg in 1884. This electrolytic 
polarization manifests itself in the following ways: 

1. The apparent resistivity decreases with an 
increase in voltage. (The current is not a linear func- 
tion of voltage.) 

2. The apparent resistivity increases with time. 

3. Itisa function of thickness of sample. 

4. After the passage of a considerable quantity of 
electricity, a change is produced in the structure of the 
glass near the anode due to the deficit of sodium. 
This usually gives the glass a milky appearance and the 
anode surface is apparently etched. 

Our tests of unpolarized resistivity eliminated these 
effects by the use of electrodes of molten NaNO; or 
NaNO, which supplied the glass with Nat ions and thus 
eliminated electrolytic polarization. That polarization 
was actually prevented is indicated by the absence of 
its four manifestations: 
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1. The unpolarized resistivity was found to be 
independent of voltage. This was true, not only for 
soda-lime glass but also for Pyrex, G-1 lead glass, and 
fused quartz. 

2. No effect of time could be detected. To check 
this conclusion further, a sample of soda-lime glass 
was used with molten solder electrodes. The ammeter 
read 28 milliamperes initially, but the current gradually 
fell until at the end of two mintues it had reached 4 
milliamperestand was still decreasing. Sodium nitrite 
electrodes were then substituted for the lead, giving a 
constant current of approximately 28 milliamperes. 
Since the currents were measured with an ordinary 
milliammeter, nothing can be said as to changes which 
may have occurred in the current during the first 
second. However, it seems doubtful if any marked 
change with time exists. 

3. Samples of soda-lime glass having decidedly 
different wall thicknesses were tested and gave practi- 
cally the same resistivity, indicating that the effect of 
thickness was negligible. 

4. Even after use with heavy currents for hours, 
the samples of all glasses and of fused quartz remained 
clear and uncolored. No etching was present such as 
was obtained with mercury electrodes. This indicates 
that sodium was being supplied from the electrodes at 
the proper rate. 

The above tests appear to show that the method gives 
the true unpolarized resistivity. It also proves that 
at high temperatures the conduction in these materials 
is due, largely if not entirely, to the sodium ion. This 
is present in all the glasses and exists in the fused quartz 
as an impurity. 

Measurements were made on tubes of several 
materials at temperatures ranging from about 300 to 
380 deg. cent., the results were plotted to a large scale, 


and the resistivity constants were determined. (Table 
IV.) 
TABLE IV-—-UNPOLARIZED RESISTIVITY 
PL B 

Soda-lime glass (Kimble Glass Co.) ............ OOS 8 paar 4,320 
LEAS. , 5 DORN BAO TSeIaEa nO renee es ee GOS: eee as 4,750 
G-1 Lead Glass (Corning Glass Works).........5.52 X1074...... 6,100 
Fused Quartz (The Thermal Syndicate)........ O2O0040 25 Se cee 7,100 


Thermal Conductivity. Thermal conductivity of 
several substances was measured on flat plates using 
the generally accepted hot-plate apparatus with guard 
rings. The results were found to follow the law: 

eral) ce! 
and the values of the constants K and P are given in 
Table V. 

Surface Temperature Drops. From these same tests, 

the following values were obtained for ): 


Glass-copper, \ = 0.051 
Copper-air, A = 0.0013 
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TABLE V—THERMAL CONDUCTIVITY 


K 12 
Fused) Quartz ilec.. wigs erce ciel tatetnietes a ert cts enim cee eee Re 0: O83 29\4 cee B35.,.5 
American window ‘S1aSS:, 5c success cuckeiaie eet teen O; LST Sram 499 
Pittsburgh plate Glassy... ao a ees weee ieee eee 0.1498.......451 


Of course, these values depend upon the exact condition 
of the surfaces and are therefore to be regarded only as 
rough approximations. However, they give some idea 
of what values of \ can be expected. 

To obtain the temperature drop between glass a 
molten NaNO;, the breakdown-test apparatus was 
utilized. A thin glass sphere was filled with the molten 
salt and was immersed in more of the salt held in a 
heavily-lagged container. A small heating coil im- 
mersed in the salt within the tube furnished a known 
amount of heat which passed through the sides of the 
sphere into the surrounding sodium nitrate. A guard 
ring arrangement prevented most of the heat-flow 
upward into.the tube. Temperatures were measured 
immediately inside and outside the glass walls by means 
of thermo-couples, and a small correction was applied 
for the temperature drop through the thin glass walls. 
The average of a number of tests made in this way was: 

A = 0.0403 
This again is to be regarded as an approximate rather 
than an exact value. 

Comparison of Calculated and Experimental Results. 
A sample of fused quartz tested at 364.5 deg. cent. had 
the following characteristics: 


d = 0.0365 cm. 
\ =7004038 
235.5 
ky = 0.0829 (10) °7-® = 0.0140 
pi = 0.0140 
B = 7,100 


T = 687.6 deg. K. 

Lo = 2.8026 X 7100/637.6 = 

in TPAD IS 

¢ = Ad/2k, = 0.0408 (0.0865) /0.0280 = 0.0525 
Because of the small value of c, this is on the straight 
part of the curve of Fig. 7 and the approximate formula 
(49a) may beused. Thus, 


25.64 


1 
“3 Lg (e/2) = 9.210— 10 
lgv =(9.210 — 10) + 5.3414 — 1.3909 = 3.160 
or o = 1444 


The calculated breakdown voltage is thus 


V, =2 (1444) +/4.60 (0.0140) (0.0140) 7100 =7,310 volts 
The experimental value was 7,760 volts. 

A complete comparison of the results of thermal 
breakdown of fused quartz is given in Table VI which 
shows a reasonable agreement between calculated and 
experimental values. Each experimental value is the 
result of a single breakdown test. It is evident that 


ee ee eae 
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most of the discrepancies are due to experimental 
variations rather than to any fundamental difference 
between theory ang experiment. 


TABLE VI—COMPARISON OF CALCULATED AND EXPERIMEN- 
TAL VALUES OF BREAKDOWN VOLTAGE FOR FUSED 
QUARTZ 


at 364.5° C. Sodium nitrate electrodes 
Vp (volts) 
d : iG lgov D (calculated) (experimental) 

0 0365!em,-\.0.0525..,,.. +3..160)...,.«.- Heda Ae rclocr Tiails obs eae 7,760 

ONOZO0Sra 3. OLO482=— 5. -Sallitacr . 1,310. 56.640 7,640 

OF0510...... BOPO Saber da cose 1,708... BAS civrh § S650 Farias 7,840 

OLOL05 2-47 OF OLS Ts. .8-22889. 50 Mie Oepaetetsis 3S; 920 eerie 3,080 

WHOOTE <1: 00100! 51528220000. . 6O5.606 5%. 3,800. 0h ce 3,000 
BOROOUG sae POROLSS eo, ek DAS sates te AO aydepstone B74 Oley acs, 3,840 
O.0285-% +... 0.04107 72. Sel OG WEY eeieg ibis CACO Say ates 7,360 
BOrO265 see OS 0S Sire 090 setae 23 Orem 65230 eto: 5,400 

50205 92-1. 40029422.. 3.034.871 551,080.....065 BAO ysayaree: 4,160 

at 301. 0° C. Sodium amalgam electrodes 
Oo. 


D465 sO 0738 et Si SOD tates 6850 Re 0, O00 ea aers « 26,500 


Electrode 
Dielectric 


Electrode 


Electrode 
Dielectric 


Electrode 
Figs 11 


Fics. 10 anp 11—Sampuus or Dre.ectric with THick 
ELECTRODES | 


LIMITATIONS OF THE THEORY 
The thermal breakdown theory as outlined in this 
paperisapplicable to any thickness of any solid insulation 
op rated at any temperature, subject of course to the 
imitatio s imposed by the original assumptions. Thus 
the results apply only to the d-c. steady-state case for 
homogeneous materials tested with non-polarizing elec- 
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whose size is very great eo iored to the thickness of 
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due to other mechanisms which allow failure at lower 
voltages. Thus in calculating breakdown voltage, it is 
first necessary to be sure that the particular conditions 
of the problem will give a thermal breakdown and not 
one of another type. 

In conclusion, the writer wishes to thank Messrs. 
H. W. Chapman, A. M. Ricciardelli, and G. B. Shaw 
who did the numerical calculations for the tables of 
_ Appendix B, Messrs. V. G. Mukhdjian and J. E. Keely 


who obtained the experimental values on unpolarized 


resistivity, and Messrs. V. C. Kauffman and M. A. 
Jones who furnished the data on thermal properties. 
Thanks are also due the Thermal Syndicate, Ltd. which 
kindly furnished the Vitreosil specimens used in the 
tests. 
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Appendix A 
List OF SYMBOLS 


é 


dielectric samp 
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By 


MOON 


thermal conductivity of the dielectric (watts 
em.—! deg.—') 

thermal conductivity of electrodes (watts 
cem.—! deg.~) 

logarithm to the base 10 


= logarithm to the base e 


l| 


#4 
okt a ae 
0 


£8 eon 
ay (2) 
Nae ¢: for the law p = poe ”* 
2 ky Po 
a : 
=== for the law p= pi-€1/2 
V/2 ky pi Bi ‘ 
B;/T 
Bi/T 
B1/T, 
fom hem 
distance (cm.) 
a constant 


the exponential integral 
r/ 


te 


sin 7 cos 7 d n 


a; JS f (m+ 2bn sec ) —f Cn) 


= current density (amperes cm.~?) 


ll 


resistance (ohms) 

temperature (deg. abs.) 

ambient temperature 

temperature in the dielectric at the surface 
temperature in the electrode at outer surface 
temperature in the electrode at inner surface 
maximum temperature in the dielectric 
thread temperature at breakdown 

volts 

breakdown volts 

power (watts) 


a parameter defined by: cos a 


a constant of the dielectric defined by 
p = px (10)9/7 

a constant of the dielectric defined by 
ope ee : 

a constant of the dielectric defined by 
p= poe” 

thickness of electrode (cm.) 

Ai). i —_—_— 
1Tm 

ve? 


Transactions A. I. E. E. 
n = a variable of integration 
d = watts transmitted across one cm.? of dielectric 
surface per deg. cent. drop in temperature 
at that surface 
At = watts em. deg.—! at surface between dielec- 
tric and electrode 
deo = watts cm.~ deg.~! at outer surface of electrode 
y =7/2—a ¥ 
€ = a variable of integration 
p = p(T) = resistivity of dielectric (ohm-cm.) 
Po = resistivity at zero temperature 
pi = resistivity at T > o 
d 
of) =" a ie) 
bis 
¢g = electric potential at any point (volts) 
i = potential of an electrode (volts) 
X (c) = a function of c given in Fig. 3. 
Appendix B 
FOCK TABLES FOR THERMAL BREAKDOWN 
(as amplified by Messrs. Chapman, Ricciardelli, and Shaw) 
’ 1. TABLE OF c 
a Im = 12 14 16 18 
OO ciara 0.0000. 0.0000 0.0000.... 0.0000 
Di ewtie 0.0038. 0.0038 ON0O0383. -. 0.0038 
AO aan 0.0153. 0.0153 0.0153.... 0.0153 
fies aren ea 0.0349. 0.0349 0.0349.... 0.0349 
10.05.05. 0.0628. 0.0628 0.0628.... 0.0628 
D2 ain aaa 0.0998. 0.0998 0.0998.... 0.0998 
15) Oe 0.1467 0.1467. OMAG TR i. 0.1468 
GAT A a 0.2048 0.2048 0.2048.... 0.2049 
20. Oe 0.2755 0.2755 O12 756% 5-5 0.2757 
De aac 0.3606. 0.3607. 0.3608.... 0.3610 
ZOO a4 0.4626.... 0.4629. OF4630 yn 0.4634 
he 0.5844 0.5850. ORS854.5,0. 0.5857 
BORO see 0.7300. 0.7310. Os vstpn sae 017321 
SAO ei eias 0.9048. 0.9058.... OF 9065... 0.9074 
So cO ae ae Litila2. Le LUGE ree ye Ole 1.1180 
Sisto awae 1.3670. 1.3690.... isd Oly wars 1.3730 
uO OMe 1.6740. 1/6770%...})''4-680082. 7 Wa Gene 
ADD in cio ss 2.0490 2.0540. 2, 0580. on. 2.0630 
45. Ono eae 2.5120 2.5190 2.5260.... 2.5310 
AC ate. 3.0900 3.1010 3.1090.:.. 3.1160 
500s ar 3.8180. 3.8330. Ss S450. ses 3.8560 
Aes rend 4.7500. 4.7710.. 4.7890.... 4.8040 
55.0 e nae 5.9600. 5.9900.. 60250 Fae. 6.0370 
BY ellos an 7.5580. 7.6040.. 7.6410.... 7.6710 
60:00 9.7170. 9.7870... 9.8410.... 9.8860 
GQED etc 12.6862 12.8047 12.8981.... 12.9609 
GOLOR se. 16.9473 17.1235. 1726202. =: 17.3592 
(Rane 23.2430 23.5132. PSION PAE DON 23 . 8802 
7OL03. 5 32.9272 33.3905 33.7310.... 33.9840 
UV ARIE Oro 48.7957. 49.5212 50.0934.... 50.5279 
Ole cee 76.5458. 77.8150. 78.8349.... 79.6214 
TED Spkerase 129.882 132.415 134.423 .... 135.993 
S00 ae 247 550 253.166 257.644 .... 261.188 
S25) ae 567.371 582.616 594.286 .... 604.673 
85.0.0 1823.98 ..., A888,50) .... 1981.61 .... 1970.41 
87.5.,.-.13448,3° _, .wildOue ..14470.7 _....14848.8 
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TABLE OF c (cont.) 


a Lm = 20 22 32 42 
0.0.. 0.0000 0.0000 0.0000 0.0000 
GING 0.0038 0.0038 0.0038 0.0038 
5.0. 10.01635 5°. 0.0153 0.0153 0.0153 
Uhhiinc 0.0349... 0.0349 0.0349 0.0350 
cles OMA ee 0.0628 0.0628 0.0630 
-12.550,,, | 0:0998../, " ‘0.0998 0.0999 0.1002 
q UBS reac 0.1468.... 0.1468. 0.1469. 0.1472 
BAG Om 0.2049,... 0.2050 0.2051 0.2052 
<20-Onee O72758'.05 0.2758. . 0.2759. 0.2760 
Uz361t 0.3612 0.3615 0.3617 
~ 0.4636.... 0.4637 0.4643 0.4646 
0.5860.... 0.5863 0.5869. 0.5872 
AME EEE hac OnZ829 ee 0.7341 _ 0.7347 
22a eee. 0082221 0.9086, 2). 09106. ss. 0.9115 
| ERORS ee LeLLSO ree a erlt 2 200) oer. DIAS ae, 1.1427 
SEH Bibig sas 3 (00 nee Tear oOees 1.3794.... 1.3811 
Bet Oe ees OSb0. are 1.6860...) — T6907. PLT 6041 
sc. Cer anc 06505.7 2) 2.067005. (2.0746... 2 2°0804 
BAU odoin. | = ZaGE EEE aA 2.5380.... 2.5485.... 2.5582 
Cee oonaw iueP Ren oe 301260. ..5 SB l552.00 3.1697 
5OsOme mas S640: a2: a VAUNG best 38912 ee 3.9038 
B52 55 eee. (<4 8160112. 4.8240... 4,8541.... 4.9795 
bG20Non,s 6.0540...” 6.0660.5402, 6, 1098... 6.5462 
DT aD oer We GOCOMae FeTTo oc WTOSE ae 7.9391 
(60LOme. 9230p OF OD00 Man el O0420 0 10242091 
EES aut 13201297 elsn0579.y. 0° 13-1962,..,1 9) 18,3161 
Gb. wC4e00, ec. ot 50772 =. 2 * 18. 1118.... * 18.2965 
«6 ... 24,0077.... 24.1145.... 24.5407.... 25.6467 
 -70.0..... *34.1914.... 34.3663.... 34.9942.... -, 35.3325 
HaB.ccn BOCHo cc, BELSERL 5, SEI, e.g) ERED 
j “75. FeSO (74 ee SONS 25 Ome nant S204790 ner mes) 8047 
Papelera, oe PretSSnoOl rere 7 70 sey add 259 
‘ x eres 2 26420 Sarre) 2668092) vison (274.225, adn 279.874 
eee ela 714 as 8 GIO RST...:.: 641.108. 2... = OSL, 856 
2002. ” POBIOREGY orn RUE BY “Aer 3 CARRS | 
Si LOl6s 60 mealostOVO.” yes I6341.3 22116948 he 
eee) SPTARLE OF Tay ete) 
' SSS 
- aQ . im = 12 14 Me 16! i8 
¥1 0106633... 26 0.05859.......0.05247 
EOROGGS2, 1 0.05859.......0.05247 
.0.06631.......0.05858.......0.05246 
. OL O66802 5, 1. OROBSD Zar rue 0.05245 
).0.06628\....+.0.,05855... «2. .0).05243 
0.05854.....:.0.p5253 
665 0.05851.......0.05240 
..0.06619.......0.05848.......0.05238 
0.05235 
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2. TABLE OF I[/zp (cont.) 


a tm = 12 14 16 18 
OAc One ayn. OL OI rege wien: 0.062850 ae. ws OR OS58 Sn mw. 0.05024 
652 Ori: ONOCLTA ars oan 0.06234....... 005544 5..5.5 0.04991 
VASE ONO 70SS8emp eas ON OG Nereus 0.05497....... 0.04954 
0). Oman OF0695 Peay ean. OF OG LOG a tae: ONO5G4S cic cucite = 0.04910 
(CA ae 0.06849....... OS0602 (eats: 0.05380..... *. .0.04858 
VASA Aart OROG7Z30 qemsn er OPO S984 rte OQ 05306. i... 0.04797 
Wid Oaes taney O20658 OR re ois Of0b82 Fee On OO2 Litpenerke 0.04725 
CURE 3 $4.5 0.06417....... OF 05680 ease OROS1OOTE wane 0.04635 
2 sO traces: O06 2027 tetas OROSD TO ee ky ECU Tlie Barston ct 0.04536 
isto Ue Sieoie 0.05915... OROS290F tee ae 0.04784....... 0.04367 
Si Oire scis i ON OS4T8ir cases OP 04033 ae a. ORO4490 Fen esc 0.04120 


Ft nOLOST A eMe eee AO 


GqaqCqQ0BSamomammummm0nmnau”0”09Doaomnannmqqmmeeeeeeeeeeeee—ee————————ee= 
a Im = 20 22 32 42 
QUO wee en OL04750 eee. OaBEOe Mee oa Of03027er ee 0.02324 
PINS yaad OF04750%e ee. OQ: 043395 6. oe 0,030272 eee 0.02324 
Be Olander (O,04750 Gee ee OROASSOe eee OL0S02 7a eee 0.02324. 
GoD nee (O5O4740=eene 050433 7a eee OF0802 74 an ea. 0.02323 

TORO sneer HOL04748. ee =, OnOsS3 ier eee 0.03026.......0.02323 
TONS cee O04 746R acer OGO43360e eek OnOs020eee 0.02323 
Tor Osexscrte OnO4 7450 ee On045 325 0.030250 2 0.02323 
LB ee On04742\Go (QMOV GRR Sean OnOSO24ne 0.02322 
BOLO sea OR0A74 0 eee 0204831 ee ee On0S022mee eee 0.02322 
DPA: 8 a4 0.04738....... 004323 eee (0203022 ayaa OnO2za2l 
D5 On eee O204734 eee OF O43 25 on sapere OF 0202 terete 0.02321 
CH allste oe a OM OL SIO)n eran ed 0.04323), (4. OF08020.00 ee: 0.02320 
SOMO unerate 0.04726 0.04319) eee (ORUEO Who e.g cn ae 0.02319 
32s bene On04720 nee 0504314 eee 0, OS015n ee 0.02317 
ShOwera 020475 een ONO4S10h Mere OP OSO1 2a 0.02316 
STE Dre. (OLO47O9RE ee 004304 ae 0.03010.......0.02314 
EO A Weses orots OROA7O1EE eee 0204298" - ee 0: 03007°5,,. "2. 0.02310 
WGN ono 0.04692....... ONO42OI eens OLO300ee 0.02308 
ZAG 3 AA A (02046828 OL04283) 0 a OO80000ena 0.02306 ~ 
TAT S. wey OL OL T Lae ie oO 04274. er a 0.02996....... 0.02302 
SON Ohana ot 0.04659) 42. on: 0204263... ....0.02990"5..4..: 0.02301 
BQN Sts + 0.04645 000 042508 ee oe OF020C0 ere 0.02296 
5 Sn One OK04630on Hee O042S8 a eines 0.02978. .:...-0.02291 
STROM OL OAGT 2a 10). 042230 0.02970") ens 0.02286 
60:0 eee: 02045900 eh he 0802205— eee OL O2 90 ee nee 0.02279 
6255) sO. OL5669 se ae O OL1 Soi eee Os O29 oo mene as 0.02270 
6520. soe 2004539 a. 40 0) 04162 O02938 7. 0.02265 
PC Spano an OnO450 Ste reas 0.043608 2. OL O292 7M). ne 0102255: 
OOM 0 044 ie mene On0410be hee 0,020 ieee OO2242 
i Prslsiia nee A 0204496 0.04069.-......0.02893.......0.02231 
150) 3 0.04378 .errg tO ie ey. OLO2215 
VHGA gees ce ORO4S 17a ee aL OS0S caer ree 5 
[30 0h ee OL 04242 eer mee 0.03911 


ern 
Onan ae 


We 


1019 


TABLE OF 1g v 


a Im = 12 14 16 18 
D2 Disasierls a Ue © E01 Le ae LO OSGisyareiy sine UNSS52) ecko ess 2.2687 
PA DARA aete PENDS). Schepens © Mlb ENED asinine oe WS OSG 2 cus cxers 2.3196 
VS Pee TAZSBEs cores ore PSO066 Sorat a ufo fe 7: eee ee 2.3668 
SOLO ear PP DRO Gee te ste BAGO acne ke ae tc PLOZTO stele 2.4112 
RD eee WO ZA Ae eela es IROO2 Geir. DAU Rig gore oa 2.4532 
SO are cv bs a 2 a ee ee a po O eee ei acer LOO Glen atane caciete 2.4935 
Bd Oivtern ce it SA O28 a ee crew ITA aS Be cote DS V4 86) neice 2.5324 
rR ee ae SABO OE anes SOS Gere mcate rate fo( 230) Sia ate 2.5702 
BD Dis tese.e sith 8 pee 7 a7 lee rece TSA Bie coors op Be ec istaisicee 2.6074 
Be OT or. dat EODUSW Swe nite are S822 ae re a DOOD x. ates cent faa 2.6442 
ALT SB cist taalcee DIOS DL. creat: ics) WS OWS Ge sana ee 2 OG, Slatunternrs 2.6809 
BO Oe verano iL Lae ee reperiediers ac i WAR Fw: 4° ACS Doe rursceeare att 2.7176 
BAO sear G2 UT eager arts MSO ET Rho eee OO Stennis tataifars 2.7549 
SAU Sa aise E6588aac- ZOE. ae siete D ADT Uc. estes 2.7928 
OY deta Tee ere LAB9GSk tive aes ere DOO MDr devotee DAAC iets 2.8318 
60.0 ais ce LC BO2 igus Gunes AAO CTRE ED a oe De48GGnn cus oe 2.8722 
6225 een DET GOOs fie ete 2.5 DUA BS oie cites Di D2 SS wre ttcre 2.9146 
G50 weenie: Uh, S202 5. craters cess DAM A ea cneaieae Dr Od bebe tansy eyes 2.9594 
Ley CAG Ie oto iL S86G8 eer. = DF pea A yauteneks hath 2 6209. ean aes 3.0074 
¢ ULAR soe fh OUT Aras ceo DF) DOW Fi vrescusne las DY Glatiscrmeya 3.0597 
(PAA G Rorict weN POTS Sirapees as are: Sr? Meena tees 2 E29 O hs nyay We 3.1174 
(One creates 2038632 amas, = DANAUS eyarekoe oe GAAS a owt re.5 79 3.1825 
WERT S re oF OF OOO me crerneros QD ASSS) aesusee 2 BOOA. aaerienc 3.2582 
SOnOR. sen PI TEV (EAR aire PG TAD a oreuwriey> 2) O59 5 ctoaeL oie 3.3492 
(AMS Teoh hal 2 SOSSianereas ts 2 GSSSiie cast SLOTAS Nt ares 3.4652 
85.05 ete 24043. arse nes Di G4GT cc eheas sek Bi DAA scanctroge 3.6271 
ey Phase Ooo tee CO RULLOR moh oe SeliGSitiecec ser Se5OU9, coe eed 9029 


a lm = 20 22 32 42 

Fi AD aenierens Ls (68205 cerca 2 OTE Dem ens 3 ASO84 0) prcctes 6.1369 

Sn Oiersciee 2 1 G83S8iinoe coer. ZOO ate stas alos CE chi Potente fe 6.4382 

VP tae 2 TG LL eee retone DESO LO ys «use & AI56 28 cae. eae 6.6662 
10)J05.7-56-: 2 2870 ies wie: 2 6808 sirens nie A O89 viereicuke he. 6.7431 
LD Sapa eres. « DBS deleted nes ZT SOs comes: A BOO Me ereratarnts 6.8451 
LS JO Rte PACOS oo ieee 2 SSO 2S ths Myce ALS 7 Le eres 6.9252 
ioc ene 2. OBO Gmingee oie PANS EPA oh eed AS OANTS iis eersiscs 6.9951 
20): Onesies 2. GO LG a ences 2 OOAG ih toe nh eat: AO UEY (Mocs o.oo 7.0573 
Dt Or sats Arche 2 C513 ctcacyeerts SB ODO4 ar. case. EPO he so oat (xues} 
ZOO avers 2 MO SA eatens jase Si LOLS puteteneen 2 Bp BLOB. ets crs 7.1646 
ZL sD csicees MOOG hirer. eee B48 O an te MAR Goce moose 7.2126 
300s ee 2 S8000 Meee S MOSS mec jaro Bi2029 eet i. 7.2568 
2 Disters sre ar OAL Din sieiais vers SLO OLA citer lee = 524 5Srm ee ee 7.2993 
Bo Olsen seater ZABS2o winnie: Binet OO segs see DT2RDO: pecreraees + 7.3386 
So OF Soe feaetete rs DO ZL Din nie cremains Ripon 2 Agen oot TSAO) se cehvanets 7.3794 
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The Three-Circuit Transformer 
BYaG ake ES LWAGIG 


Member, A. I. E. E. 


Synopsis.—Three electrical circuits which are separate and 
independent of each other, except that they are magnetically coupled 
by lines of force which interlink with the conductors in each circuit, 
can be represented by an equivalent circuit which has been developed 
from well-known fundamental equations. There are two distinct 
types of the three-circuit transformer which depend upon the relative 
directions of the fluxes flowing in the mutual paths in the magnetic 
circuit. Any arrangement of three coupled circuits will have the 
characteristics of either one type or the other. It is therefore impor- 
tant to study the magnetic circuits to determine the paths for the flux 
which interlink with the conductors in each of the electrical circuits. 


There are stray fluxes which interlink with the conductors in only 
one circuit and mutual fluxes which interlink with the conductors in - 
two circuits. It may also be that there are mutual fluxes that inter- 
link with the conductors in all three circuits. A problem of each type 
of transformer has been considered. In Case I the coils in each 
circuit, or the cores on which they are mounted, are disposed parallel 
to each other or arranged in the form of a Y in which case it 18 prac- 
tically impossible to have a mutual flux thread through all three coils. 
Case II is where the three coils are wound on one core or arranged on 
separate cores which are placed so that there is a path for flux which 
interlink with the conductors in the three circuits. 


HEN three electrical circuits are magnetically 
coupled there is a transformer relation between 
each circuit and each of the other circuits. If 

the conditions in one circuit remain. unchanged the 
other two circuits may be treated as a_ two-circuit 
transformer provided the impedance characteristics of 
the two circuits are determined in the presence of the 
third circuit. In a two-circuit transformer, when an 
alternating potential is applied to the primary circuit 
and the secondary is left open the voltages in the circuit 
may be expressed by the equation 
H=2Z 1 I 1 (1) 
where E, Z, and J, represent respectively the applied 
voltage, the total impedance in the primary circuit and 
the current flowing in the primary. This equation as 
well as all other equations given in this discussion are in 
terms of complex quantities. The current, or ampere- 
turns, in the primary produce fluxes in the magnetic 
circuit, a portion of which interlink with conductors in 
the secondary circuit and cause a voltage to be induced 
in the secondary. As soon as the secondary circuit is 
closed a current J, flows in the secondary and this, in a 
similar manner, causes an induced voltage in the pri- 
mary. The conditions in the transformer when the 
secondary circuit is closed may be expressed by the 
following equations which include the induced voltages, 
E+ Zils = Zit; (2) 
Zit, = Zo 15 (3) 
in which Z;, represents the mutual impedance between 
the primary and secondary circuits. The + signs are 
written before the induced voltages Z;. I; and Z. I; be- 
cause the zero phase direction of the current in the 
secondary, when considered as a rotating vector, is 
assumed to be in the opposite direction to that of the 
current in the primary. 
Equations (2) and (3) may also be written in the form 
E = (Z,— Zi) 1, + Zie (1 — I2) (4) 
O = (Z.— Zi2) Ip + Zio 2 — Ih) (5) 
1. Elec. Engr., General Railway Signal Co., Rochester, N. Y. 
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The equivalent circuit of the two-circuit transformer 
has been drawn in the form in which it is usually given 
as shown in Fig. 1 from the voltage relations in equa- 
tions (4) and (5). 

It can clearly be seen by applying Kirchoff’s law to 
the equivalent circuit that the voltages in the primary 
and secondary circuit are the same as expressed by the 
equations (4) and (5). 

In the transformer there are two physical circuits 
coupled by magnetic flux that interlink with the con- 
ductors in both circuits whereas in the equivalent circuit 
there are two circuits, that represent the primary and 
secondary of the transformer, which are coupled by the 


Fig. 1—Usvan ARRANGEMENT OF JEIQUIVALENT CIRCUIT 


or Two-Crircurr TRANSFORMER 


impedance Z,.. When the secondary circuit is left open 
the total impedance of the primary is equal to Z; and 
when the primary is left open the total impedance of the. 
secondary will be seen to be Z». If the total impedance 
in the circuits remain the same but the sign of the coup- 
ling impedance is changed so that the circuits are 
coupled by a negative impedance equal to — Zi» the 
current in the primary and secondary will be the same 
as before except that the direction of the secondary cur- 
rent will be reversed and the current in the coupling 
impedance will be equal to J, + I, instead of J; — I; as 
indicated in the diagram of the equivalent circuit in 
Fig: 2: 

It is also possible with the negative impedance 
coupling to assume the secondary current in the equiva- 
lent circuit to flow in the direction as indicated in the 
diagram in Fig. 1 and assume the direction of the current 
in the secondary of the transformer to be reversed so 
that the zero phase direction of the secondary current 
is taken to be in the same direction as the current in the 
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primary instead of flowing in the opposite direction as 
stated above. 

The equivalent Amante with negative impedance 
coupling may be used for making calculations but can- 
not be produced by using simply resistances, reactance 
_ coils, and condensers because oft he negative resistance 
component in the coupling impedance. However a 


af he! Z:'Zie 


ZarZerZ 2 


2—Kauivatent Circuir or Two-Circuir TRANSFORMER 
aren wae NEGATIVE IMPEDANCE CovuPLING 


Fia. 


negative impedance device is stated to have been used 
in a form of Wheatstone bridge for measuring the 


capacities in cables.” 

There appears to be no advantage to be gained by 
using the equivalent circuit in Fig. 2 instead of that in 
Fig. 1. The circuit in Fig. 2 has been given to show 
how the relative directions of the currents in two 
coupled circuits can be reversed by the use of negative 
coupling because this principle will be employed later 
in some of the equivalent circuits: of the three-circuit 
transformer. | 


_— 'THREE-Crrcurr TRANSFORMER 
Case. I. In the three-circuit transformer the first 
case to be considered is where the magnetic circuits are 


Fia. 


IN Case I (a) 


"so arrang d that it is impossible for mutual fluxes iS 
xist which it ink with the conductors i in a of ie 
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in paths Py, Pi; and P23 and interlink with the con- 
ductors in circuits 1 and 2, land 3 and 2and 3. Because 
of the directions of the currents and the arrangement of | 
the circuit the mutual fluxes in each path flow in oppo- 
sition to each other. There are three distinct trans- 
former relations due to the magnetic coupling between 
the circuits which are shown schematically in the 
diagram in Fig. 4. 

In circuit 1, in Fig. 3, there is a voltage E from the 
generator, an induced voltage Z 1. I. due to current flow- 
ing in circuit 2 and an induced voltage Z:; I; due to 
current in circuit 3. In circuit 2, there is an induced 


Fig. 4—Scurmmatic Diagram DescriBING TRANSFORMER 


RELATIONS BETWEEN THREE CoUPLED CIRCUITS 


voltage Z,. I, due to current in circuit 1 and an induced 


voltage Z.; I; due to current flowing in circuit 3 and in 


circuit 3 there are induced voltages Z:; I; and Z2; I, due 
to current flowing in circuits 1 and 2. The voltage rela- 
tions in the three circuits may be expressed in the fol- 
lowingequations. 


E+ Ziwle+ Zigl3 = Z1di (6) 
Zi.11 + Dos 13 = Zo Te (7) 
Zis 1, + Zo3 Ie =Z;1; (8) 


in which Zi, Zi; and Zs represent the mutual im- 


- pedance due to the flux interlinking with circuits 1 and 


2, 1 and 8 and 2 and 8; Z,, Z. and Z; are the total im- 
pedances in each circuit and I,, I, and I; salt 
respectively the current in each circuit. 


Equations (6) (7) and (8) may also be written, 
B= (4:-412—4)3) 11+Z12 (Ti—I2)+Z1s (i—Is) (9) 
=e (Z2—Zi2—Z 3) I,+Z12 (In—I,) +223 (I, —I;) (10) 
“0. = (Z3—Z13s—Zo3) I3+Zis Is—Ih) +Zo3 (Is—I2) (11) 


i Za Za ZeaZes lel 
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equations and included in the diagram in the series 
impedances Ls = Lt ae Z12 = 213, Whe = Zo Zi2— Zoe 
or Z; = Z;— Z13 — Z23in the corresponding circuit. 

Case II. When the coils and the magnetic circuit ina 
three-circuit transformer are so arranged that there is a 
path for magnetic flux which interlink with all three 
circuits the condition may be described schematically as 
shown in the diagram in Fig. 6 in which the coils are 
represented by heavy black lines and the directions of 
the current flowing in the coils and the directions of the 
fluxes are as indicated by the arrows. There are stray 
fluxes flowing in the paths P:, Ps, and P; and mutual 
fluxes which interlink with only two circuits in paths 


Fie. 6—Diacram DescriBsiInG CoNnpDITIONS IN TRANSFORMER 


IN Case II (h) 


Po, P13, and P23 and mutual fluxes that interlink with 
all three circuits flow in the path P,.3. The magnetic 
coupling between circuits 1 and 2 is caused by the fluxes 
that flow in the paths Pi. and P23 that are due to the 
ampere-turns in coils 1 and 2. The mutual impedance 


Z12, in this case, represents the impedance due to all - 


flux interlinkages between circuits 1 and 2. In a 
similar manner the mutual fluxes which interlink with 
conductors in circuits 1 and 8 may be seen to flow in the 
paths P;; and P,,.; and the mutual impedance is repre- 
sented by Z:;. The mutual fluxes interlinking with 
circuits 2 and 8 flow in the paths P23; and P13 and the 
mutual impedance due to these fluxes is represented by 
Z2;. When a mutual flux flowing through any coil is in 
the same direction as the stray flux the induced voltage 
due to the mutual flux is in the same direction as the in- 
duced voltage due to self induction and when the mutual 
flux is in the opposite direction it induces a voltage in an 
opposite direction to that due to self induction. In 
each circuit there is, in addition to the voltage due to 
self induction, an induced voltage due to interlinkage of 
flux caused by ampere-turns in each of the other coils. 

_ The voltage equations which include these induced 
voltages may now be written from an inspection of the 
diagram in Fig. 6 to describe the relations in the trans- 
former as follows: 


B+Zp1I2+ Zi313 = Zi: Mi (12) 
Ziel: — Zols = Zele (13) 
4is1, — Zo3 12 = 231s (14) 


By comparing these equations with equations (6), (7) 
and (8) it will be seen that they are of the same form 
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except for the negative signs before the terms — Ze; I. 
and — Z.;13. If the negative signs are assumed to in- 
dicate a negative impedance the equations may be 
rewritten as in the following equations (15), (16) and 
(17) which are in the same form as equations (9), (10) 
and (11). 

E. =(Z.—Zy2.— Zi3)L14+Zi12 Ti—L2) +213 Ui—Is) (15) 
O = (Zo—Z12+Zo3)I2+Zi2 (1) a (—Zo3) (I,—Is) (16) 
O =(Z3—Zist+Z3)13+Zis Ls—11) +(—Zos) Ls—L2) (17) 

The equivalent circuit of the transformer in the 
present case may now be drawn to express the voltage 
relations described by the equations as shown in the 
diagram in Fig. 7. 

In deriving the equivalent circuit, circuit 1 has been 
assumed to be the primary and circuits 2 and 3 two 
secondary circuits, but circuit 2 might have been selected 
as the primary, and circuits 1 and 3 the secondary cir- 
cuits. By following the same line of reasoning the 
equivalent circuit would then have the same form as 
that in Fig. 7 but the mutual impedance between cir- 
cuits 1 and 3 would have the negative sign instead of the 
impedance between circuits 2 and 3. The mutual 
impedances would have been Zi2, — Zi3 and Z23 and the 
series impedances Z, = Z1— Zi2 + Zis, Z; = Zo — Zi 
— Z,,and Z,= Z3 + Zis3— Zo3. Inasimilar manner cir- 
cuit 3 might have been taken as the primary and circuits 
1 and 2 as secondary circuits in which case the mutual 
impedances would be — Zi2, Zi3 and Zs3 and the series 
impedances Z, = Z1 + Zi2— Zis, Ze =-Z2 + Zi2— Zoe 
and Z; = Z; — Z13— Z23. It will be seen in each case 
that the series impedances are such that the total open 
circuit impedance in each circuit is Z:, Z, or Z3. If the 
three equivalent circuits that have been described are 
each equivalent circuits of the transformer they must be 
equivalent to each other and any one may be substituted 
ZpZ,-ZetZes 


L ZpZyZieZig 


Zy-ZzZi3*Zez. Ty 
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in place of another. For instance when a potential is 
applied to circuit 1 the three equivalent circuits are as 
shown in the diagrams in Figs. 7, 8, and 9. 

The circuit in Fig. 7 represents the condition in the 
transformer when the zero phase direction of the current 
in circuit 1 is assumed to be in one direction and the cur- 
rents in circuits 2 and 3 are in the opposite direction. 
Fig. 8 represents the condition when the currents in cir- 
cuits 1 and 3 are assumed to be in the same direction and 
the current in circuit 2 isin the opposite. The diagram 
in Fig. 9 indicates that the currents in circuits 1 and 2 
are in the same direction and that in circuit 3 is in the 
opposite direction. There is still another equivalent 
circuit in which all three of the mutual impedances are 
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ee ee 


“negative impedances which represent the condition 
when the currents in all three windings are ay ie 
_ flow in the same direction. 


ein! the equivalent circuit in Fig. 5, which ane ee 


te case where there is no mutual flux which threads all 
three windings, it will be seen that the mutual im- 


pedances are all positive. The signs of any two of the 


mutual impedances may be changed from positive to 
negative and the circuit will still be theoretically the 
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Fie. 8—Equrvatent Cracurr, Cass II (g) 
equivalent of the transformer and equivalent to the 
circuit in the diagram in Fig. 5, provided corresponding 
changes are made in regard to the assumption as to the 
direction of the flow of current in the windings of the 
transformer. 

It can be seen that the mutual impedances in all of the 
equivalent circuits are connected together in the form of 
a Y. These impedances may be replaced in any of the 


_ circuits by an equivalent A combination of impedances 
which will give a form of circuit from which calculations 


can be more easily made. The present circuits have a 
Y combination of impedances within a delta combina- 
tion and when the proposed substitution is made the 
arrangement will be a A within a A combination with 
the adjacent sides of the two deltas connected in paral- 
lel as shown in Fig 14. 


Two-CircuIT TRANSFORMER THEORY APPLIED TO ‘THE 
THREE- ‘CIRCUIT TRANSFORMER 


In either of the two cases of the three-circuit trans- 


former it may be that the impedance in one of the 
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series impedance in circuit 2. 
‘mutual impedance and Z,’ and Z,’ the series impedance 
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becomes as shown in the diagram in Fig. 10. in which the 
impedance Za = Zi3 223/23; Za = Zo3 = (Z13 Zo3 
an Z23?)/Z3; Zo = 213 — (Zis Zo3 + 213") /Z3. 

The circuit is clearly an equivalent circuit of a two- 
circuit transformer in which Z,, + Z, is the mutual 
impedance and Z;— Z,.— Zi3 + Zo is the series im- 
pedance in circuit. andeZ5— Lig — Zoe 2n.is the 
If Zi.’ represents the 


in.circuits 1 and 2 respectively and Z,' the total im- 
pedance in the primary and Z,’ the total ea in 
the secondary we have 


Z13° + Z13 Zo 


= 2, + Zo = 41-22 - 7 (18) 
43 
, Ca eee coe 
Zi) =f, + fy = Tn —Zn—- B=" 9) 
oe 3 
; us 2132 
41! =Ze+Z, =Z2y4+ Say ane (20) 
3 
‘ot Lis ; 
see Bre ar (21) 
Fie. 10—EquivaLent Circuir or A THree-Crecuir TRANS- 
FORMER REDUCED TO A T'wo-CrrcuIT TRANSFORMER 
pepe ie 47 
Zo! = Zy- 7 (22) 


The last three equations are the most important 
because they fully describe the impedance characteristics 
of the two-circuit transformer. 

In any of the equivalent circuits that fave been dis- — 
cussed no matter what the signs are before the mutual 
impedances when reduced to a two-circuit transformer 
the total impedance of the primary Z,' and of the secon- 
dary circuit Z,’ are the same as expressed in equation 
(21) and (22). Ina Case I problem, when there isn 
mutual flux through all ‘three. windings, t 
impedance will be as given by ( 
eamation: 23h 
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In the following table the circuits a, 6, c and d are 
equivalent to each other and represent the conditions 
described in the problem in Case I and circuits e, f, g and 
h are equivalent circuits representing conditions in the 
problem in Case II. The circuits in either case differ 
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The two-circuit transformer theory has been applied 
to describe conditions in circuits 1 and 2 when taken 
in the presence of circuit 3. In a similar manner 
equivalent circuits can be drawn that are equivalent to 
the transformer as regards circuits 1 and 3 in the 


IMPEDANCES IN EQUIVALENT CIRCUITS 
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Mutual impedances 


Two-circuit diagram 


Equivalent in three-circuit ; =a Equivalent 
circuit Problem diagram Vad Z2/ Zi2 circuit shown 
As Zo3" Z13 Z23 } 
EE Falter tas eros @aselonsao: ke VA ar a AL Ye’ tipic Zi — Teo eee Zy —- Ze Zi2 + = coe "Bowe Figs. 5 and 10 
De hee shee Reg Tae tes WS cnc a Lido c= LYS Lacie St:s« ey efoeh eps teyfo an 
Z13 223 
Od ee i ee che ee Ce VAL RE aT AT Mr rtmccoe se Abo ooNs —Z\. — Zs 
55, Kayiis Sord «Marts tae aT ee Se AT ee AY AY Oe ewacicittariG = = Py Wado oOS 
Z13 293 
Ch OTs Seat sere ©ase LE tiene. — ZA = Ligs Lage ce) | mnveitesieto De mtEer-crotss — Zi. + Zs 
Piper aad auiienareate mete. Metta seis a'e SAL ROAL TY ALY mle NBO GO i ree OR SS Got my Fe gna) Fig. 9 
Z13 223 . 
[1 ae SRO eer eal be! Ie Seer y cB Lis) = Zig, Zap nciecce® © O° Rieu eee ero Zi = 2, oe Fig. 8 
| ese or een ce Us Ghee VAL A) i A) a coh otmt ok )  oo goes Fig. a 


from each other because the equations from which they 
are derived are based on a different assumption as to the 
directions in which the currents in the transformer are 
flowing. The directions in which the currents in each 
circuit are assumed to floware indicated in the diagramin 
Fig. 11. In the table the characteristic impedances of the 


Case | Case I. 
y) 
ahess it 
OT ae ORS 
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11—SuHowine RELATIVE DIRECTIONS OF THE CURRENTS 
IN THE TRANSFORMER 
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two-circuit transformer are given in terms of the charac- 
teristics of the three-circuit transformer. A set of three 
fundamental equations may be written in a form which 
will correspond with any one of the equivalent circuits 
described in the table. These equations are expressed 
in terms of the three-circuit characteristic impedances 
and the currents I,, I2, and I;. In any set of equations 
the current J; may be eliminated algebraically with the 
result that two equations are obtained which describe 
the conditions in circuits 1 and 2 and also furnish a 
proof that the corresponding equivalent circuit shown 
in Fig. 10 truly represents the conditions in the 
transformer. 


presence of circuit 2 and there are circuits which are 
equivalent to circuits 2 and 3 when taken in the presence 
of circuit 1. 


RATIO OF TURNS IN THE WINDINGS 
IN THE TRANSFORMER 


Nothing has been said in the present discussion in 
regard to the ratio of the number of turns in the wind- 
ings of the transformer and it is not ordinarily necessary 
to consider the number of turns in making circuit 
calculations but the equivalent circuit is sometimes used 
to study conditions that exist within the transformer 
and for this purpose the equivalent circuit may be re- 
duced to a circuit which represents a transformer that 
has a 1:1:1 ratio of the number of turns in the windings. 
If a2 represents the ratio of turns between the primary 
and secondary and a; the ratio of turns between the 
primary and tertiary windings, the impedances in the 
transformer may be reduced to primary terms by multi- 
plying the total impedance Z; of the secondary by a,” and 
the total impedance Z; of the tertiary by a;?, the mutual 
impedances Z;, and Z,3; by az and a; respectively and 
the mutual impedance Z.3 by a2 a3; furthermore, the 
voltages in circuits 2 and 3 would vary directly in pro- 
portion to the ratio of the number of turns in the wind- 
ings and the currents would vary inversely as the ratio 
of the number of turns. 


CONDITIONS IN THE MAGNETIC CIRCUIT 


In the transformer described in Case I, the conditions 
in the magnetic circuit can be determined from the 
currents, voltages, and impedances in the electrical 
circuits. The ampere-turns are determined from the 
currents flowing and the number of turns in the wind- 
ings. The permeances of the various paths in the mag- 
netic circuits may be determined from the inductances 
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in the electrical circuits, because it is well known that 
the inductances may be written directly in terms of 
permeances.? The flux which interlinks with the con- 
ductors in a coil may be determined from the induced 
voltage they produce, provided it is sufficiently accurate 
to assume that all lines of force interlink with all con- 
volutions in the coil. 

In the particular problem given above in Case I 
it is possible to determine the permeances of the various 
paths described in the magnetic circuit shown in Fig. 3. 
But in more complicated problems in Case I and those 
in Case II as shown in Fig. 6 it does not appear to be 
possible to separate the permeance of the path Pi»; 
from the permeances of the paths P,:, P:; and P.2; and 
it appears to be impossible to separate the permeances 
of the paths for the stray flux from the permeances 
of the paths in which there are mutual fluxes. 


DISCUSSION OF THE EQUIVALENT CIRCUIT OF THE 
THREE-CIRCUIT TRANSFORMER 

Two very simple problems of the three-circuit trans- 
former have been considered in each of which there is 
only one coil in each circuit and one path for the mutual 
flux which interlink with each pair of coils. In prac- 
tise there may be a number of coils in each circuit and 
a number of paths for the mutual flux. The fluxes in 
each path between two circuits, including the path 
which interlinks with the conductors in all three cir- 
cuits, cause a component of the total mutual impedance 
between the circuits. Each component may be repre- 
sented in the equivalent circuit by a positive or negative 
component of coupling impedance, depending upon the 
direction of the fluxes flowing in the mutual path, and 
the sum of the components determines the sign of the 
resultant coupling impedance. 

It has been shown that there are eight possible com- 
binations of positive or negative coupling impedances 
in the equivalent circuit, four of which represent the 
conditions described in the problem in Case I and the 
other four conditions in the problem in Case II. A 
proof of this statement can be given in either case of the 
three-circuit transformer for any condition that may 
exist as follows: 

Consider the equivalent circuits h and g shown in 
the diagrams in Figs. 7 and 8. The circuit in Fig. 7 
represents conditions in the transformer as expressed 
by the following equations, 


By 4+ Zit, + Zisls = 211; (26) 
B,+ Ziel, — Zo313 = Zo Te (27) 
E3 + Zisl1 — Zo3 Ie = Z3 1s (28) 


and the circuit in Fig. 8 expresses the conditions in the 
transformer as described by the equations, 


Ei, + ZeIe— Zisls = Zili (29) 
B.+ Zw.li + Zosl3 = Zl (30) 
Es — Zis 11 + Zos Ie = Z;1; (31) 


3. “The Magnetic Circuit,’ by V. Karapetoff, Fourth 
Edition, published by McGraw-Hill Book Co., page 9 and 
Article 58. 
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In these equations it has been assumed that there may 
be an a-c. potential applied in each of the three circuits. 

By examining the equations it will be seen that the 
expressions become identical if the sign of the current I; 
and the applied potential H; are reversed in either set of 
equations. Both sets of equations as they are written 
give the same result in that they accurately describe the 
magnitude and phase of the currents flowing in the 
transformer. The difference in the equations is due to 
the fact that they are based on a different assumption 
as to the zero phase direction of the current I; and the 
potential E'; which can be seen by referring to the di- 
agrams in Fig. 11. In the same manner the other two 
equivalent circuits e and f in Case II can be shown to be 
equivalent to the circuits in Figs. 7 and 8 and it can also 
be proven that the four equivalent circuits a, b, c and d 
in Case I are equivalent to each other and equivalent 
to the transformer. 

A three-circuit transformer when separated from its 
external loads may have one side of each of the three 
circuits connected to a common terminal in which case 
it can be treated as a network having four external 
terminals. It is well known that such a network cannot 
be represented theoretically by an equivalent circuit 
having less than six impedances. The equivalent 
circuits that have been given cannot be reduced to a 
circuit having a smaller number of impedances unless it 
is found to be permissible in some cases to make assump- 
tions that will simplify the problem. 

There are equivalent circuits used in the design of 
power transformers and autotransformers which have 
been derived by an entirely different method of reason- 
ing by Boyajian* and MacLeod’ on the assumption that 
the magnetizing currents are negligible or that the 
mutual impedances are infinite as compared with other 
impedances in the circuit. Some of these equivalent 
circuits contain only three impedances and are claimed 
to give very satisfactory results in solving three-circuit 
transformer problems that arise in power work. 

The present investigation of the theory of the three- 
circuit transformer was undertaken in connection witha 
study of the a-c. intermittent train control system of the 
type installed on the Chicago, Indianapolis and Louis- 
ville Railway. 


NUMERICAL EXAMPLE 


Consider three coils each mounted on a laminated 
iron core and arranged as shown in the sketch in Fig. 12 
and assume an a-c. potential of 16 volts at a frequency of 
360 cycles per second applied to the primary circuit. 
An ammeter (J;) and a condenser C, are connected in 
series with the generator in the primary, a load consist- 


4. Theory of Three-Circuit Transformers, by A. Boyajian, 
A.I. E. KE. Trans., 1924, p. 508. 

“New Theory of Transformers and Autotransformer Circuits,” 
by A. Boyajian, General Electric Review, February 1929, p. 110. 

5. “New Equivalent Cireuits for Autotransformers and 
Transformers with Tapped Secondaries,” by D. R. MacLeod, 
General Electric Review, February 1929, p. 120. 
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ing of an ammeter (I2) and condenser C2 in the secon- 
dary and a load connected in the tertiary consisting of 
the ammeter (I;). It is required to compute the im- 
pedances in the equivalent circuit and the current 
flowing in each of the coils. The arrangement of the 
circuit is the same as shown schematically in Fig. 3 and 
the currents are assumed to flow in the directions indi- 
cated by the arrows. The phase relations of the cur- 
rents in the equivalent circuit have been computed with 
reference to the phase of the voltage of the generator as 
standard phase. The phase angles of the currents I, 
and I; as determined by calculation are interpreted to 
mean their phase relative to the zero phase directions 
shown in Fig. 12 at the instant the voltage of the 
generator is a maximum in the direction indicated. The 
condition described is a problem in Case I in which the 
mutual impedances in the equivalent circuit are all 
positive impedances and are arranged as shown in the 
diagram in Fig. 13. 

Impedance of Corls. 


EXPO ici O09. 1 hy aol ei OUGR 
L, = 186.5 mh. phase angle 87 deg. 35 min., power 


Fig. 12—ARRANGEMENT OF THREE CovpLEeD Circuits 


EXPLAINED IN THE NUMERICAL HXAMPLE 


factor 0.0421, d-c. resistance 9.15%, iron loss resistance 
3/87"; 

Winding. 900 turns, No. 23 A. W. G., s. c. c. copper 
wire. 

Secondary. 2% = 233° ro = 10.96° a, = 232.8° 
L, = 103.0 mh. phase angle 87 deg. 18 min., power 
factor 0.0470, d-c. resistance 6.32°, iron loss resistance 
4.64°. 

Winding. 800 turns, No. 22 A. W. G., s. ¢. e. copper 
wire. 

Memary, 2 =alo2-- 7, = 10:8° a= 118166° 
Ls; = 80.3 mh. phase angle 86 deg. 36 min., power 
factor 0.0594, d-c. resistance 5.2°, iron loss resistance 
526". 

Winding. 700 turns, No. 22 A. W. G., s. c. e. copper 
wire. i 
Impedance of Loads. 

Primary. Ammeter resistance 1.18%, 
Cpe B1., Xo, = 270%. 

Secondary. Ammeter resistance 2.37°, condenser 
Cz = 2.00 pf., Xoe2 = PA bd 
' Tertiary. Ammeter resistance 9.6°. 


condenser 
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Total Impedances. 

The total impedance in each circuit consists of the 
sum of the impedance of the coil and the external load 
in the circuit. The values are calculated to be as 
follows, 

Z, = 14.2 49 38.7% = 4ls23s) 2769 ot ones 

Z, = 18.83 +7 11.8 = 17.809 Z 41° 32’ ohms 

Z; = 20.4 + 97181.6 = 182.742 Z 88° 35’ ohms 


Mutual Reactances. 
The mutual reactances between the circuits have been 


Fie. 13—EquivaLtent Circuit DerscriBED IN NUMERICAL 


EXAMPLE 


determined from tests that were made on the coils when 
arranged as shown in the sketch in Fig. 12. The results 
of the tests are: 


Xw2=2a7f My =15.740ohms, Miz = 6,96 mh, 
Xi3 = 2af Mi; = 24.6 ohms, M3 = 10.88 mh. 
Xo3 =2afM.; = 7.020hms, M2; = 3.11 mh. 
Mutual Resistances. 


The resistive components of the mutual impedances, 
designated R12, Riz; and R23, have been separated from the 
iron loss resistance in the coils in each circuit by assum- 
ing that the resistances vary in proportion to the cor- 
responding reactances. The resistance Ri. + Ri; has 
been separated from the iron loss resistance in circuit 1, 
the resistance R1. + R23 from the iron loss resistance in 
circuit 2 and the resistance R,; + R23 from the iron loss 
resistance in circuit 3. From the values of these re- 


Fic. 14—A Form or Crrecuir wHicu 1s EQUIVALENT TO THE 


Circuit SHown IN Fia. 13 


sistances the resistance Ri. + Riz + R23 has been ob- 
tained. The latter resistance is then separated into 
the resistances Riz, Ris and R.3, the values of which 
have been determined to be as follows: 

Rie = F322 one a 0.502° 
Mutual Impedances. 

The resistive and reactive components of the mutual 
impedances have been determined and from these values 
the mutual impedances may be given: 

Zi. = 0.822 +715.74 = 15.744 Z 88°50’ ohms 

Zi3 = 0.502 +724.6 = 24.605 Z 88°50’ ohms 

Zo, = 0.148 +7 7.02 7.021 Z 88°50’ ohms 


R23 = 0.148° 


- Series Impedances. 
The series impedances Z,, Z, and Z, have been deter- 
7 “mined from the equations: 
Zp = tae Z12— Z13 
Z. = 22-22-23 
Z. = Z3— Z13— Los 
Numerical values computed from the equations are: 
Zp, =18.376— j 1.64 = 13.476 X 69° 59’ ohms 
= 12.865-—7 10.96 = 16.901 < 40° 26’ ohms 
lie = 19.755 +] 149. 98"= 151. 375 2. 825 30" ohms 


q 


A Impedances. 


nected in the form of a Y and may be replaced by the A 
combination consisting of impedances Zi, Zm and Z,, 


——— tow = ee oe 


| ing the well-known equations, 


= Tat, 

7 b= bat us GE 

| , Ted, 
Zn = 2 + Las + = 

j 

. 26 


The mutual impedances shown in Fig. 13 are con- 


arranged as shown in the circuit in Fig. 14 by employ- 
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Le = Zt 2 + 


’ Numerical values computed from the equations are: 
Z, = 1.943 +7 95.509 = 95.5389 Z 88° 50’ ohms 
Zm = 0.556 + 9 27.252 = 27.258 Z 88° 50’ ohms 
Z, = 0.869 +7 42.591 = 42.601 Z 88°50’ ohms: 
The equivalent circuit in Fig. 14 has been reduced to 


‘a simpler form of circuit consisting of a series and mul- 


tiple arrangement of impedances from which the cur- 
rents in the various branches of the circuit can be easily 
computed. The required values of current J,, I; andJ3 


_ flowing in the three coils in the circuit have been com- 


puted and found to be: 

I, = 0 445 \ 48° 29’ ampere 

I, = 0.421 Z 4°50’ ampere 

Is = 0.0718 X 28° 32’ ampere 

The ine of the currents I,, I, and IJ; when sub- 

stituted in equations (6), (7) and (8), together with 
numerical values of the applied voltage and impedances 
in the transformer, will be found to satisfy the equa- 
tions. This proves that the results of calculations made | 
from the equivalent circuit are the same as might have 
been obtained by a solution of the original equations. _ 


es aie eat 
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Equivalent Circuits of Imperfect Condensers 


BY C. L: DAWES* 


Member, A. I. E. E. 


INTRODUCTION 


HE plates of commercial condensers must neces- 
T sarily be held in mechanical separation by some 
substance which is a dielectric. Since such sub- 
stances cannot be perfect dielectrics, the condensers 
when connected across alternating voltage must absorb 
power. It is customary to simulate the electrical per- 
formance of such condensers, either by an equivalent 
series circuit consisting of a perfect condenser C, and a 
resistance R,, Fig. 1; or by an equivalent parallel circuit 
consisting of a perfect condenser C, in parallel with a 
resistance R,, Fig. 2. In the study of dielectric phe- 
nomena both methods are employed. Sometimes with 
the equivalent parallel circuit, a conductance G, = 1/R, 
is used rather than the parallel resistance R,, since such 
conductance frequently gives results which are more 
convenient in form than those given by resistance. 

It frequently happens that equivalent series and 
parallel capacitances and equivalent series and parallel 
resistances are used indiscriminately without designa- 
tion as to whether the equivalent series or equivalent 
parallel circuit is intended. With usual types of con- 
densers this ordinarily does not cause confusion, since 
the power factor of most condensers is comparatively 
low. Under these conditions, the equivalent series 
capacitance C, is almost equal in magnitude to the 
equivalent parallel capacitance C,, so that it is not 
necessary to make designation; the equivalent parallel 
resistance Ff, is so large in magnitude as compared with 
the equivalent series resistance R, that there islittledoubt 
as to which isintended. However, as the study of dielec- 
tric and ionization phenomena progresses, it is becoming 


mS 


and 
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equivalent series capacitance may be quite different in 
magnitude from the equivalent parallel capacitance. 
(See Fig. 11.) These conditions occur particularly in 
ionized gases whose power factor is ordinarily high. 
Therefore, it becomes important not only to discriminate 
between equivalent series and parallel circuits, but 
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also to investigate the relations existing among their 
various parameters. 


RELATIONSHIPS AMONG EQUIVALENT-CIRCUIT 
PARAMETERS 
The relationships existing among the parameters of 


equivalent series and parallel circuits are well known 
and are as follows: 


C. 
C= TE RAOP oy 
it R2 C2 2 
Roe (2) 


RZ CZ a? 


where w is 2 a f, f being the frequency. The other 
quantities are given in Figs. 1 and 2. 

The power factor of the condenser must be the same 
whether an equivalent series or an equivalent parallel 
circuit is considered. In terms of equivalent series- 


C 
; circuit parameters 
R, R.C, w 
(Power factor) = 
R, Ro + 1 VRZCZ w +1 
"CF 0 
(3) 
Fie. 1—EQuivaLent Srrizs Circuit From (1), (2) and (3) 
i 
. . . tks ae ie (4) 
more common to find that the equivalent series resis- (Poke)? 
tance and the equivalent parallel resistance (see Fig. 9) 
may be of nearly the same order of magnitude; also the sa C, (P. F.)? (5) 
— ‘ Zs ae 3 2 2 
*Asst. Prof. Elec. Engg., Harvard Engg. School, Cambridge, Re C? w 
Mo iffh.0, 3 = 
tInstructor in Elec. Engg., Harvard Engg. School, Cambridge, es d 1 
Mass. eon? 
Presented at the North Eastern District Meeting of the A. I. E. E., Then Rk, = R, 7 (6) 
Rochester, N. Y., April 29-May 2, 1931. 
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Asie axes 8 ne 
The power factor in terms of parallel parameters 
ih) ik 


V/l-+ RY C,? V1 + & (8) 
whered=R,C, w= tan@=coty. isthe power-factor 
angle of the condenser; vis the angle of defect. 

Consider first an impregnated-paper, high-voltage, 
underground cable having good dielectric character- 
istics. Fig. 3 shows the power-factor, the power and 
the capacitance curves taken at 20 deg. cent. of a 
typical cable of this character. (800,000 cir. mils, 6/32 
in. (0.476) cm. wall.) It is to be noted that there is no 

_ evidence of gaseous ionization in this cable, since the 
power-factor and the capacitance characteristics are 
both linear and horizontal. The equivalent series resis- 
tance per foot R, of this cable is found to be constant 


Power factor = SS = 


~ 300 
i 
g 
oe 
2a 200 04 
ela e 
§2 : 
3 sol 0.2 
ise = 
ze & 
be EEEEEEELEH ime 
ey 
oe anes I 
. y 20 : 40 
; KILOVOLTS 
Fic. P= Banas Caste Cuaracteristics WITHOUT 
’ IONIZATION 


ores, cir. mils, 6/32 in. wall, impregnated paper 


at all voWaues. up to 40 ky. at least, and is equal to 

5 X< 104 ohms. Likewise, the equivalent series 
capa citance per foot C, is found to be practically con- 
_ stant and equal to 119.8 uwuf. From equation (2) the 


lent parallel resistance per foot is found to be 
i + 1.888 x 105 ) 
~ 1.888 x 10-5 


s 8.25 oe 10¢ ( ; 
ao ao x a ohms. 


EQUIVALENT CIRCUITS OF 


n=R.C, o; 


value. 
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Thus with dielectrics of very low power factor the 
equivalent parallel resistance is practically equal to the 
equivalent series resistance multipled by 1/n?, where 
the equivalent series and parallel ca- 
pacitances are practically equal. Hence, with dielec- 
trics of very low power factor, the capacitance as a rule 
may be given without designating whether equivalent 
series or equivalent parallel capacitance is meant. 

After this same cable (Fig. 3) had undergone 150 
hours of accelerated life test, at an average voltage 
gradient of 225 volts per mil, and under weekly cycles 
of both voltage-gradient variation (from zero to 225 
volts per mil) and temperature variation (from 20 deg. 
to 65 deg. cent.) both its power factor and capacitance 
increased. 

At 30 kilovolts and 63 deg. cent., the power factor is 
now 0.1209 and the measured equivalent series capac- 
itance is 147 wut. per foot. The equivalent series 
resistance per foot of this cable is now found to be 
2.20 X 10° ohms. 

The equivalent parallel resistance per foot from 
equation (2) is now 


1 + 0.01483 
0.01483 


ohms, as compared with 5.96 x 10° ohms, its former 
It is to be noted in the first instance, when 
the power factor of this cable is 0.00878, that »? is 
entirely negligible i in comparison with unity; but with 
the power factor equal to 0.1209, the value of 7? is just - 
becoming appreciable in comparison with unity, its 
value being approximately 0.015. ' 

The equivalent parallel capacitance now becomes, 
from equation (1), 


Bee 2. 20) 108 ( ) = 1.506 Xx 108 


147.0 


Cae ovhi30 0TERaa 


= 145.0 wpf. 

Likewise the equivalent parallel capacitance now 
differs from the equivalent series capacitance by 1.5 
per cent. The power factor 0.1209 is large for dielec- 
trics, but even so the difference between equivalent 


_ series and parallel capacitance is almost negligible. 


Hence, with most of the usual dielectrics, the differ- _ 
ence between the equivalent series capacitance and th 7 
equivalent parallel capacitance is small and generally 
may be neglected. : 


ComPosITE SOLID 


1032 


are not simple and need not be considered at this time. 
Moreover, the authors know of no combination of cir- 
cuit parameters which can simulate the electrical be- 
havior of such films under all conditions. However, 
at any single value of current density, the electrical 
behavior, so far as the fundamental components of the 
voltage and current waves are concerned, can be simu- 
lated either by suitable resistance and capacitance in 
series, or by suitable resistance and capacitance in 
parallel. This method is used in this paper. 

It has been found experimentally that the power loss 
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Fic. 4—EQUIVALENT SERIES RESISTANCE OF Guass-LONIZED 
Arr Fium Mopeu, wits 2.17 Mm. Arr Gap, at 60 CyciEs, 23 
Deng. Cent., AND 764 Mm. PRESSURE 


in ionized gas films is a simple linear function of the 
current density. 

For example, let the value of current at which ioniza- 
tion begins be J,. Since the power P increases as a 
linear function of the current density after ionization 
begins, its equation becomes 

Pie= Ke) — a1 0) (9) 
where k isa constant. 

Neglecting harmonics, atroom temperature the power 
in the solid dielectric varies as the current squared and 
the total power in the composite dielectric becomes 

P=k,Pr?+k(I-—I1,) (10) 
Since no ionization loss occurs until I > I,, the second 
term of equation (10) vanishes for all values of I < J,. 
Hence it follows that the first derivative of the function 
is discontinuous at the point, J = I,. 

If R, is the equivalent series resistance of the com- 
posite dielectric, 


k ke 
1 are E 
Equation (11) is composed of three simple functions, 
a linear function whose graph is parallel to the current 
axis, a rectangular hyperbola in the first quadrant and 
an “inverse square’’ function in the fourth quadrant. 
Fig. 4 shows this F,-function and its components for 
2.17-mm. film of dry air at 23 deg. cent. a barometer 
pressure of 76.2 cm. and a frequency of 60 cycles per 
second. The value of k, is so small, being only 0.0091, 
that it cannot be shown with the scale used in Fig. 4. 


R, = 


are (11) 
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It is to be noted that R, rises rapidly to a maximum 
and then decreases. By differentiating (11) with re- 
spect to the current and equating the first differential 
coefficient to zero, it is found that the maximum value 
R,’ of R, occurs when 

= 


21, (12) 


k 
1 eee 
and ike = Kea ae Ae (13) 

Due to occluded gases, the dielectric of high-voltage 
cables is a composite one of solid and gaseous dielectric, 
the gaseous dielectric becoming ionized after the voltage 
becomes sufficiently large. 

The characteristics of high-voltage cables are now 
generally given by power-factor, power and capacitance 
curves as in Fig. 3. These three characteristics for a 
cable having negligible ionization are shown in Fig. 3. 
When considerable ionization exists in a cable, however, 
the power-factor, power and capacitance characteristics 
have the general appearance of the curves given in 
Fig. 5, which are the characteristics of a 300,000 cir.-mil 
6/32-in. (0.476-cm.) wall, impregnated-paper cable. 
Both the power-factor and capacitance curves have a 


discontinuity in their slopes at the ionization voltage of. 


the cables, and then rise rapidly with further increase in 
voltage. If the voltage is carried to a sufficiently high 
value, the power-factor curve will rise toamaximum and 
then decrease; the capacitance curve, however, in- 
creases indefinitely. 

These three characteristic cable curves of power 
factor, power and capacitance are obtained either 
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300,000 cir. mils, 6/32 in. wall, impregnated paper 


directly or are determined with little computation from 
data obtained from the methods of bridge measurement 
now in common use. The bridges which are now 
commonly used to measure the characteristics of dielec- 
trics at high voltage are the Heaviside type used by the 
authors and the Schering type.! These give directly 
the equivalent series capacitance. In fact, most types 
of capacitance bridges give directly the equivalent series 
capacitance.” 

Clark and Shanklin,‘ who were among the pioneers in 


1. Forreferences see Bibliography. 
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the study of ionization in high-voltage cables, measured 
the power taken by cables with a compensated electro- 
dynamometer and in their publications used equivalent 
parallel resistance as a distinctive cable character- 
istic. At room temperature, the equivalent parallel 
resistance of cables is found to remain substantially 
constant until after ionization begins; then a discon- 
tinuity occurs in the slope of the curve, after which the 
equivalent parallel resistance decreases, at first rapidly 
and then at a decreasing rate until it reaches a mini- 
mum. Fig. 6 shows a typical curve of this character 
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Mins, 6/32 In. Watt, IMPREGNATED PAPER CABLE 


for the cable whose characteristics are given in Fig. 5. 
This equivalent parallel resistance curve is in distinc- 
tion to the power-factor curve, which also has a dis- 
continuity in its slope at the ionization voltage, but 
thereafter shows increasing rather than decreasing 
values and reaches a maximum, rather than aminimum. 
With our present knowledge of ionization phenomena, 
it is now possible to derive an analytical expression for 
this equivalent parallel resistance characteristic. The 
power due to the combined solid-dielectric and ioniza- 
tion power loss is given by 
P= K BE? + Ky (E — Eo) (14) 
where K is the solid-dielectric power coefficient, K, is 
the ionization-power coefficient and E’,, is the intercept 
of the ionization-power curve with the H-axis. The 
second term of equation (14) is zero when EH = E,. 
Moreover, in a cable the gas films do not all ionize 
simultaneously as does a single uniform flat gas film, 
(Fig. 4). They ionize successively outwards as the 
voltage increases.° Equation (14) therefore, does not 
apply during this interval of successive ionization, that 
is between the values EH = EH, and EF = EH, where E, is 
the voltage at which ionization just begins in a cable and 
E, is the voltage at which the ionization power curve 
becomes a straight line. 
The equivalent parallel resistance 


E? E? 
P ~ KE? + K,(E-E,) 
Although both the numerator and denominator of 
(15) are simple algebraic expressions, the equation as a 


Ras (15) 
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whole does not represent any simple curve or combina- 
tion of simple curves. This is evident from a study of 
Fig.6. However, if the equivalent parallel conductance 
G, be used, an equation is obtained which may be 
analyzed into three terms representing three simple 


graphic functions. Thatis, 
P Hee Koy ie 


The first term K of (16) depends on the properties of 
the solid dielectric and is a straight line parallel to the 
voltage axis; the second term is a rectangular hyper- 
bola lying in the first quadrant and the third term is an 
inverse square function lying in the fourth quadrant. 
Hence, this function is very similar to (11). Each term 
of (16) is plotted separately in Fig. 7 for the cable whose 
characteristics are given in Fig. 6; also the resultant 
characteristic G, is plotted, being obtained by com- 
bining these three component curves. 

In the region of successive ionization, where (16) does 
not apply, the computed curve is shown dotted. Ex- 
cept in the region of successive ionization, the actual 
G,-curve obtained experimentally, and shown solid, 
coincides with the curve obtained either by combining 
the component curves or by computation from (16). 

It is shown in the Bibliography 5, equation (12) that 


28 con 


24 ae 
20 we 


he 


WwW 

= — 

= 16 eS a eT 
=) 1 418 uccessive Ge = 

Ba 08 Ionization I | Ane a | Fe 
On VO | [> 

rs) 

04 5 ee a eo a Se 
AS NO (a Dae a a ae eat aes] 

22 4/7) 8 12 16 | 20 | 24 | 2 BDiniiieese 
é=04|47+E,+- Py te 
<i 4 © x 

me es Bini 

ele 

tu 

all 

= 

= 

—) 

ref 


Fig. 7—EHEQUIVALENT PARALLEL ConpUCcTANCE OF 300,000 Cir. 


Mits, 6/32 In. Watt, StncitE-ConpuctTor CABLE 


the power factor of a composite dielectric consisting of a 
solid dielectric and a gaseous medium is approximately 


’ 1 Ky KE, 
given by G— (K + Eo pe 


factor is not large. C is either the equivalent series or 
parallel capacitance, since the two are nearly equal when 
the power factor is not large; w is 2 am times the 
frequency. 

Hence equation (16) is identical in form with the 
equation for power factor, differing only by the co- 


) when the power 
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By finding the first differential coefficient of either 
(15) or (16) with respect to H and equating to zero, the 
minimum value of R, and the maximum value of G, 
occurs when 


Br 27 (17) 
From, (17) and (16) the maximum value of G, 
Ky 
Gre E, (18) 


(See Bibliography 6, equation (5) .) 

This relationship is illustrated in Fig. 7, where E. 
equals 11.5 kv. and the maximum value of G,, G,’, 
occurs at 23 kv. 

For cables having ionization (or other dielectrics 
having ionization) it also becomes possible to express 
analytically the equivalent series resistance as a func- 
tion of voltage. The power 

P=PR,=KE?+ K, (E- E,) 
Hence 
{K BE? + K,(E-—E,)} (R2C,2 w? + 1) 
E? C2 w? 


If the power factor of the cable or similar dielectric is 
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not excessive, R2C,? w? is negligible compared with 
unity and 


KG K, E, . 
ho Gia a EC 7 BO! w& approximately 


(19) 

If the variation of capacitance with voltage, which in 
cables is usually small, (see Fig. 5) be neglected, the 
equivalent-series-resistance characteristic consists of a 
linear function whose graph is parallel to the E-axis, a 
rectangular hyperbola in the first quadrant and an in- 
verse square function lying in the fourth quadrant. 
The equivalent-series-resistance function and its three 
component curves are shown graphically in Fig. 8 for 
the same cable whose equivalent parallel resistance and 
conductance are given in Figs. 6 and 7. This function 
is similar in character to the equivalent parallel conduc- 
tance function (equation (16) and Fig. 7) and the power- 
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factor function.** The maximum value of R, occurs 
when HE = 2 E,and its valueis 


(20) 


It appears, therefore, that many functions relating to 
ionization phenomena are functions of the character 
of (11) and (14). 

There also follows another interesting relationship 
when the power factor is not large and the change in 
capacitance is small. 

From (11) and (16) 

P te 
Po Boa @ 


proximately) and G, = oe 


G, 
Kee aa oo? (approximately) 


C 

Thus, at constant frequency, if the change in capaci- 
tance is small, the R,-function differs from the G,- 
function by a constant quantity only. That this is true 
may be seen by a study of Fig. 7 which shows the R, 
function for the same cable. 


EQUIVALENT CIRCUITS OF IONIZED GASES 


At any single value of current density and at the fun- 
damental frequency, ionized gaseous media, when con- 
sidered alone, behave like very leaky condensers. They 
may therefore be represented by equivalent series and 
parallel parameters. But it is found that these param- 
eters are quite divergent from those obtained with the 
usual dielectries. Furthermore, they are much more 
difficult to evaluate from measurement data than the 
dielectrics which have just been considered. For ex- 
ample, when gaseous films become ionized, a relatively 
large energy loss results and this loss increases as a 
linear function of the current density, as has already 
been stated. Also, because of the effects of space 
charge, the measured capacitance increases with in- 
creasing current density and may reach values which are 
several times greater than the non-ionized value. 
Hence, the apparent dielectric constant of the ionized 
gas film will ordinarily have values which are several 
times the non-ionized value of unity. 

These effects cause the power factor to reach values 
which are much higher than the values ordinarily met 
in composite solid and ionized dielectrics such as cables, 
(see Fig. 11). Hence, the approximations which are 
frequently made with dielectrics, such as assuming that 
the equivalent series and the equivalent parallel ca- 
pacitances are substantially equal, are no longer valid. 

In Fig. 9 are shown the equivalent series resistance 
and the equivalent parallel resistance of a 1.53-mm. air 
film as a function of current density, the frequency 
being 60 cycles and the pressure 764mm. ‘The equiva- 
lent series resistance obviously is zero until ionization 
begins. It then rises rapidly to a maximum after which 
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it decreases, its graph approaching a horizontal line as 
an asymptote. The analytical function giving the 
variation of equivalent series resistance R, with current 
density is readily derived from (9) 


PR.= P=k(I-— I.) 


k( — I.) k kIT. 
Hf: L LP? 


The first term in (23) is the equation of the well- 
known rectangular hyperbola and the second term is an 
inverse square function lying in the fourth quadrant. 
Each component function for the 1.53-mm. air film of 
Fig. 9 is shown in Fig. 10. The resultant curve R, is 
the equivalent series resistance, which has a maximum 
value and is similar to the R,-curve, Fig. 9. 

The maximum value is readily found by differen- 


(22) 


(23) 


Pressure = 764 mm 
tt eee 
Frequency = 60 
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tiating (23) with respect to J and equating the first 
differential coefficient to zero. For the maximum value 


+h! OL. 
ree. ts (24) 
From (23) and (24) 
i, = x 25 
Chee a Aedes ( ) 


(See Fig. 23, Bibliography 5 and equation (4) Bib- 
liography 6.) 

These relationships are very similar to those for the 
power-factor, the equivalent parallel conductance, and 
the equivalent series resistance characteristics of a cable 
in which ionization exists. (Figs. 5, 7, and 8.) 

Fig. 11 shows graphically the equivalent series ca- 
pacitance, and the equivalent parallel capacitance per 
em. cube (or permittivity) of a 1.59-mm. air film as 
functions of current density. Also the power-factor 
function is given. It will be noted that the power 
factor of such a film increases up to nearly 90 per cent, 
which is a very much higher value than occurs even 
with composite solid and ionized dielectrics, such as 
impregnated-paper cables. (See Fig. 5.) Unlike the 
power-factor curve for cables having ionization (Fig. 5), 


EQUIVALENT CIRCUITS OF IMPERFECT CONDENSERS 


1035 


the power-factor curves which we have so far obtained 
experimentally for gas films have not shown a maxi- 
mum, but continue to increase with the current density. 

The equivalent series permittivity at the maximum 
current density of 11.5 microamperes per sq. cm. ob- 
tained and shown in Fig. 11 has a value of 24, which 
illustrates the enormous changes in capacitance which 
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gas films undergo when ionized. Furthermore, instead 
of being approximately equal to the equivalent parallel 
capacitance, the equivalent series capacitance reaches 
a value at the maximum current density shown in Fig. 
11 which is approximately six times the value of the 
equivalent parallel capacitance. Hence, when ana- 
lyzing capacitance relations in ionized gas films, it 
becomes important to specify whether the equivalent 
series or equivalent parallel capacitance is intended. 

It does not appear possible at this time to derive from 
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fundamental considerations any simple equations which 
give the equivalent series capacitance, and the equiva- 
lent parallel capacitance characteristics shown in 


Fig. 11. 
For example, with the equivalent series circuit 
E EC, w 

LO 2 | (296) 

Re i al VR2C2 wo + 1 
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From (22), P = 7? R, = k I — I,); substituting for 
R, in (27) 


1 sj 


a) ke 
k? — —— (I — I,)? 
< r ( ) 


(ites 


= : (28) 
en (ED — kid — I)? 

This is not a simple function and it cannot be readily 
separated into simple component curves. Moreover, 
no approximate algebraic relationship even between E’ 
and J has yet been found. Wedo know that E increases 
to a maximum, and then decreases (see Fig. 10, Bib- 
liography 6). However, when equation (28) is plotted 
as in Fig. 11 (which gives permittivity rather than total 
capacitance) it is found that C, increases at a slightly 
greater rate than the current density. A graphical 
analysis shows the equation of this curve to be 

k,=A+B(-TI,)'* (29) 
where k, is the equivalent series permittivity and A and 
Bareconstants. Specifically for Fig. 11. 

ke = 141.28 (J — 0.8)1*9 (30) 
Also, the equivalent parallel permittivity k, is plotted 
as a function of current density in Fig. 11. Again the 
explicit function for this curve is far from being simple 
and it does not appear that the curve can be analyzed 
into simple fundamental curves. Also the equivalent 
series permittivity (or capacitance) characteristic con- 
caves upwards: the equivalent parallel permittivity 
(or capacitance) characteristic concaves downwards. 


From the foregoing relationships, it appears that as 
a rule equivalent series resistance gives the simple rela- 
tionships when the current is the independent variable; 
equivalent parallel conductance and resistance give the 
simple relationships when the voltage is the independent 
variable. 


HARMONICS 


It is well known that because of the variable charac- 
ter of the parameters of ionized gas films, a simple 
harmonic voltage wave cannot produce a simple har- 
monic current wave, and a simple harmonic current 
wave in such gas films cannot produce a simple harmonic 
voltage wave across the gas films. In practise, flat 
ionized gas films as a rule can exist only under the con- 
ditions of “restricted ionization.’’ That is, the volt- 
ampere characteristics of the ionized gas film alone are 
highly unstable, and without a stabilizing impedance in 
series the cumulative reactions would cause a power are 
to develop almost instantly. Solid dielectric in series 
with the gas film acts to stabilize the current and volt- 
age across the film in the same manner as ballast sta- 
bilizes a power arc. Ifa simple harmonic voltage wave 
is impressed across the ionized gas film and solid dielec- 
tric in series, the current wave cannot be a simple 
harmonic wave because it is determined in part by the 
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variable impedance of the ionized gas film. However, 
if the impedance of the solid dielectric is large in com- 
parison with that of the ionized gas film, the current 
wave under these conditions may be nearly a sine wave. 
Under these conditions, the voltage across the ionized 
gas film cannot be a sine wave because of the variable 
character of the gas-film impedance. 

Oscillograms show that with short air-gaps and com- 
paratively low voltage, the current wave contains har- 
monics ranging from the lowest harmonics, well up 
through the audio-frequency range; at the higher volt- 
ages, and also with air films of greater thickness, the 
current wave contains harmonics from the lowest to 
probably well beyond the audio-frequency range. 
When such waves are studied with the usual Duddell 
string-type oscillograph vibrator, it is found that the 
harmonics near the resonant frequency of the vibrator 
cause it to vibrate with large amplitude at its own reso- 
nant frequency, thusaccentuating on the oscillogram the 
harmonics of this particular frequency. Moreover, 
such vibrators cannot respond to the high frequencies 
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that some waves must contain. Hence, such oscillo- 
grams may not always givea true representation of the 
wave; they do, however, give useful information, in 
that they show changes in the wave shapes and in the 
lower frequency harmonics that ionization produces in 
such current waves under different conditions. As an 
example, the oscillogram* in Fig. 12 shows the voltage 
and current waves for a 1.59-mm. film of dry air, at 
5,500 volts r.m.s. and at a frequency of 60 cycles per 
second. The voltage wave is not that across the gas 
film itself, but across the gas film and a slab of glass in 
series. However, the glass has a very high dielectric 
constant and very low power loss so that its impedance 
is small compared with that of the gas film. The volt- 
age at which this oscillogram was taken is known to be 
well above the ionization voltage. It will be noted that 
the current increases almost sinusoidally with voltage 
until the voltage is sufficiently high to start ionization. 
At the instant of initial ionization, high-frequency 
harmonics occur in the current wave. These are im- 

*A vacuum-tube amplifier of the type developed by S. K. 


Waldorf was used in obtaining this oscillogram. See Bibli- 
ography 7. 
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' mediately followed by a sudden increase or arge peak 
| in the current wave. 

’ This oscillogram shows that the HARRIES of lower 
frequencies have the greatest effect on the wave dis- 
tortion; also the wave has a considerable number of 
harmonics of high order. For more accurate reproduc- 
tion of such waves, a cathode-ray type of oscillograph 
should be used. However, it is difficult to obtain suf- 
ficient current sensitivity with this type of oscillograph. 
Owing to the difficulty of making suitable potential 
connection across the gas film itself, oscillograms of this 
potential, so far as is known, have not as yet been ob- 
tained. (A complete series of oscillograms for different 
conditions of ionization will be published later.) 


DEFINITIONS OF DIELECTRICS WITH IONIZATION 


whe presence of the foregoing harmonics makes am- 

biguous many of the terms and definitions which are 
applicable to dielectrics that are practically invariable 
or in which the ionization is so small that it has but 
little influence on the wave shape. In view of the 
rapidly increasing study of gaseous ionization, it has 
become almost necessary to agree on some definitions 
of the parameters of ionized gas both when alone and 
when in combination with solid dielectrics. _ 

- One method is to base definitions on r. m. s. values. 
For example, if the voltage EF and current J are mea- 
sured or SS on ar.m.s. basis the equivalent 
series resistance R= iP, 2, where P is the power in 
eves iE 
watts; a ay capacitance Gs | VE. (RB)? 


(63) 
These parameters might then be called the r.m.s. 
equivalent series resistance; the r.m.s. equivalent 
series capacitance; ete. 

On the other hand, if the characteristics at the gas 
film are measured in a bridge having invariable param- 
eters in three of its arms such as a standard air con- 

_ denser and resistances, and a harmonic voltage is applied 
across the bridge, the bridge can be balanced with a 
detector, which responds only to the fundamental fre- 
quency. A vibration galvanometer is an example of 
such a detector. The parameters determined under 
- guch conditions might well be termed fundamental 
Ree series Ro eee fundamental equivalent. 


pe eel 


IMPERFECT CONDENSERS 1037 
resistance and capacitance in series, and by resistance’ 
and capacitance in parallel; definite algebraic relation- 
ships exist among the parameters of such equivalent 
series and parallel circuit. 

2. Even with dielectrics having relatively high 
power factor, the equivalent series and parallel capac- 
itances are substantially equal. 


3. With composite dielectrics consisting of an 
invariable dielectric in series with ionized gas films, the 
equivalent series resistance characteristic and the 
equivalent parallel conductance characteristic are very 
similar to the power-factor characteristic provided the 
total change in capacitance is not large. 


4. Ionized gas films have such high losses and high 
power factor that approximations which are applicable 


_to ordinary dielectrics are not applicable to them. 


5. With increasing knowledge of the laws of ioniza- 
tion, it is becoming possible to express series and paral- 
lel parameters of ionized gas films as explicit functions 
of known quantities. 


6. The usual dielectric definitions are not applicable 
to ionized gas films, and to dielectrics containing such 
films; some appropriate definitions should be formu- 
lated; and it is recommended that these definitions be 
based on the first harmonic SRE POneL Ns, of the voltage 
and current waves. 


The authors are indebted to Professor H. E. Clifford, 
Dean of the Harvard Engineering School, for his helpful 
suggestions in the preparation of this paper. 
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imperfect condenser with impressed voltage is non-linear. 
Hence with a sine impressed voltage a non-sine current (Fig. 12 
of the paper) is obtained. Moreover the distortion suffered by 
the current is a function of the nature of the dielectric used, its 
temperature, its humidity, the magnitude and wave form of the 
impressed e.m.f. and other factors. Under these conditions 
it becomes difficult to conceive of a series or a parallel circuit, 
consisting of a variable resistance and capacitance, which would 
simulate the behavior of an imperfect condenser. Thus such a 
cireuit can not possibly give the e. m. f. and current oscillograms 
shown in Fig. 12 of the paper. 

The writer is of the opinion that equivalent circuits should be 
altogether abandoned and the facts studied directly from the 
oscillograms. Thus Fig. 12 gives the e. m.f. and current curves 
of an imperfect condenser. The instantaneous power supplied 
to the condenser may be easily obtained by multiplying corre- 
sponding ordinates of e and 7 and plotting the products to a 
convenient scale. The average power dissipated in the con- 
denser is the average ordinate of the instantaneous power curve. 
Here we have a means of determining the e. m. f. current, and 
power relations of an imperfect condenser. No mention is 
made of an equivalent series or parallel circuit because, physi- 
cally, there is no such a thing. The imperfect.condenser is an 
entity which behaves uniquely and cannot be imitated by an 
equivalent circuit. - 

C. L. Dawes: The statement of Prof. Malti that the varia 
tion of the characteristics of imperfect condensers is non-linear, 
in a strict sense, is undoubtedly true. That is, the absorption 
loss does not vary as the voltage squared and the conductance 
may vary with the voltage gradient. There are, however, many 
imperfect condensers in which the total loss as measured by 
precision methods is found to vary sensibly as the voltage 
squared. The dielectrics of such condensers must then have 
characteristics which are practically linear and they will not 
therefore produce any appreciable distortion in the current 
wave when a sine wave of voltage is impressed across them. 
For all practical purposes then it becomes possible to simulate 
such condensers either by an equivalent series circuit or by an 
equivalent parallel circuit. For example, we have found that 
cable paper when impregnated with the higher grades of cable- 
impregnating compounds appears to have characteristics at 
room temperature which are practically linear, provided all 
occluded gases are substantially removed. 

It is true, however, as Prof. Malti points out, that it would be 
difficult or perhaps impossible to devise either an equivalent 
series circuit or an equivalent parallel circuit that would simulate 
under all conditions dielectrics having non-linear characteristics. 
The authors were well aware of this fact as is shown in the state- 
ment at the top of page 1032 inwhich they state that they “know 
of no combination of circuit parameters which can simulate the 
electrical behavior of such (gas) films under all conditions.” 
However, in spite of the fact that such equivalent circuits can- 
not under all conditions simulate dielectrics having non-linear 
characteristics they frequently are very useful for purposes of 
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analysis and I cannot agree with Prof. Malti that they should 
be abandoned entirely. For example a knowledge of the power 
loss in such dielectrics often is very important as with high- 
voltage cables. If the impressed voltage wave is sinusoidal the 
power loss is given by H? G, where £ is the r. m. s. value of the 
impressed voltage and G, is the equivalent parallel conductance 
determined for the fundamental component of current. Gp 
will vary with EZ as is shown for example in Fig. 7, but the loss 
at any particular voltage may be readily determined by using 
the value of G, corresponding to that voltage. Likewise if the 
current wave is sinusoidal, the power loss is given by J? R; where 
I is the r. m. s. value of the current and R, is the equivalent 
series resistance to the fundamental. 

To depend entirely on oscillograms for the determination of 
the electrical properties of imperfect condensers, as suggested 
by Prof. Malti, would, I believe, be not only inconvenient but 
would frequently be unsatisfactory as regards accuracy. For 
example, before the oscillogram shown in Fig. 12 could be ob- 
tained it was necessary to construct and adjust a 7-tube amplifier, 
as well as to devise and test out an elaborate shielding system. 
The taking, developing, printing, and calibrating of the oscillo- 
gram was in itself a relatively laborious procedure. To obtain 
the power by multiplying together the instantaneous values of 
E and I in itself is also laborious, and is also subject to errors in 
calibration and in the fact that the width of line is relatively 
large as compared with the amplitude. Hence the value of 
power obtained by this method would undoubtedly be less 
precise than the value obtained by the use of an equivalent 
circuit. ; 

There are, however, special problems such for example as 
occur when both voltage and current waves are non-sinusoidal 
where the use of such oscillograms are necessary if accurate 
analyses are to be made. We are confronted with several of 
this type of problem at the present time. 

Asa matter of fact from an analytical point of view, non-linear 
dielectric characteristics are not different from non-linear mag- 
netic characteristics. The analysis of dielectric phenomena is 
however more recent and is therefore less understood. For 
convenience in solving practical problems we have become 
accustomed to represent the circuit linked by magnetic material, 
even though it has non-linear characteristics, by equivalent 
series and parallel circuits. A common example is the equiva- 
lent parallel circuit so frequently used to represent the no-load 
conditions of transformers and induction motors. Rigorous 
analysis would require the use of oscillograms of voltage and 
current, as suggested by Prof. Malti for the dielectric cireuit. 
As a matter of practical convenience, however, we actually use 
either an equivalent series or parallel circuit under all conditions 
of operation, although such do not, strictly speaking, simulate 
the actual circuit under all conditions. This same practical 
necessity, I believe, will necessitate in many instances the use 
of equivalent circuits to simulate the behavior of dielectric 
circuits, even although such circuits do not simulate rigorously 
the actual circuit. 


Measurement of Noise in Electrical 
Machinery 


BY BENJ. F. BAILEY: 


Fellow, A. I. E. E. 


HEN a new and useful machine is first intro- 
duced, nobody thinks much about. possible 
refinements. Thus when electric motors were 

first used, reliability was the essential quality. Soon 
afterward price became of importance and still later 
efficiency was considered. Now at the present time 
attention is being turned to noise and in the not too 
distant future, appearance will become of distinct 
importance. 

When the public has had some means of expressing 
its opinion quietness has always been demanded. In 
the case of the automobile this demand has led to the 
development of a machine that is unbelievably quiet 
especially to those who drove cars twenty years ago. 
On the other hand, it is hard to see why the public 
has not protested long ago against the needless noise 
of street cars and trains. Little progress has been 
made in this direction in thirty years and it is only now 
that the competition of quieter vehicles is forcing those 
responsible to take some action. 

Where an electric motor is used to drive a washing 
machine or a mangle, noise is not so important, but if a 
motor is used to drive an electric refrigerator the case is 
quite different. The motor is usually located in close 
proximity to the living quarters and is in operation 
much of the time and at any time of night or day. 
Obviously such a motor must be quiet. 


NEED OF METHODS OF MEASUREMENT 


The point has now been reached where the need of 
adequate means for measuring noise is felt. At present 
the intensity of a noise is stated about as accurately as 
the Irishman’s reply who when asked how largeacertain 
object was said it was about as large as a lump of coal. 
Two distinct types of measuring devices are needed. 
One should, if possible, give with a single reading an 
indication of the intensity of a sound; much as an am- 
meter gives at once the current in a circuit. The other 
should make possible the analysis of a sound into its 
components in much the same manner that the com- 
ponents of a current can be analyzed by means of an 
oscillograph. The first type will be useful to the man- 
ufacturers and users of machinery in determining quickly 
and easily whether or not a machine comes within 
certain prescribed limits of quietness. The second 
type will be useful to the designer of machinery to 
enable him to determine and eliminate the sources of 
noise. 
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The inspection of parts by ear for undue noise is old 
in industry. Thus in the manufacture of gears, an 
inspector runs the different gears and accepts or rejects 
them in accordance with his judgment. An average 
gear may be provided which the inspector may use as a 
standard of comparison. Such an inspection while 
better than nothing is very imperfect. Probably no 
two people hear things alike and the sensitivity of the 
ear differs from day to day. 

One gear manufacturer to test the accuracy of sound 
inspection submitted 100 gears to one of his inspectors. 
Of these 95 were passed and 5 rejected. Another 
inspector who knew nothing of the first inspection 
passed 93 and rejected 7. Only one or two of the gears 
were rejected by both inspectors. A few days later the 
same gears were again submitted to the first inspector 
who did not know that he had previously inspected 
them. This time he rejected 11. Of the 11, only one 
had been included in the first five. The other ten he 
had previously passed. 

The accuracy of a direct comparison method may be 
greatly improved if a number of observers is used. A 
prominent laboratory was recently called upon to rate a 
considerable number of motors in regard to noise. 
These motors were all of the same horsepower and 
speed. For comparison, five motors were selected and 
arbitrarily given ratings from 1 to 5, No. 1 being an 
exceedingly quiet motor, No. 5 a very noisy one while 
No. 8 was supposed to represent about the average. 
Six observers compared the motors with these stand- 
ards. Occasionally all the ratings would agree, par- 
ticularly in the case of very quiet motors, but in other 
instances the same motor would be rated all the way 
from 1 to 8 by different observers. The average of the 
six ratings was probably fairly reliable. 

In somewhat similar tests conducted by a prominent 
manufacturer a standard of noise was provided as well 
as the motor under test. The observer placed himself 
between the two motors and varied his position until 
they sounded equally noisy.. This method is similar 
to that used in the photometry of lamps. 


DIFFICULTIES OF THE PROBLEM 


When an attempt is made to develop an instrument 
which will give an objective indication of the degree of 
noise from a given source serious difficulties are en- 
countered. If it were merely a question of measuring 
the physical intensity of the sound the difficulties 
would not be so great. Unfortunately the effect upon 
the human ear is not directly proportional to the 
physical intensity of the sound. A sound of very high 
pitch, for example, cannot be heard at all and the same 
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is true of sounds of very low pitch. Moreover the 
range which the ear can hear varies with different 
persons and at different times. The problem is further 
complicated by the fact that what is really desired is to 
find out how disagreeable a certain noise is. Some 
sounds, such as the:scratching of a slate pencil upon a 
slate, while not very loud are exceedingly disagreeable. 
It is hard to see how an instrument can be made which 
will take all these things into account. 


REFLECTIONS 


Another difficulty arises from the fact that in an 
ordinary room we hear not only the sound itself but 
many reflections of the sound. A sound indoors at a 
certain distance may easily produce ten times the effect 
of the same sound at the same distance in open air. 
Moreover in any ordinary room there will be certain 
points at which the sound will be focused and will 
consequently be much louder than at other parts of the 
room or perhaps at the object emitting the sound. 
When trying to measure sound by using a microphone 
as a pick-up it has frequently been observed that the 
sound three feet from the motor under test may be 
much louder than at a distance of one foot from the 
motor. Of course one obvious remedy is to make the 
test in a sound proof room. This while possible in the 
laboratory would introduce serious difficulties if an 
attempt was made to make sound measurements in the 
course of routine production. 

Another method that has been used with some success 
is to provide a very large rotating vane. This tends to 
break up reflections and prevent them concentrating 
at any given point. 


MEASUREMENT OF VIBRATION 


One interesting suggestion is that the noise itself 
should not measured but the vibration which produces 
it. If a transformer, for example, produces noise it is 
because certain parts of the transformer are vibrating. 
If it is possible to measure the vibration it will give a 
reasonably accurate indication of the intensity of the 
sound. This method has actually been applied to the 
routine testing of roller bearings. In this case the 
problem is much simplified in that the objects to be 
tested differ if at all only in size. It would not be so 
easy to apply this to the case of electric motors, for 
example, where much of the sound comes from the 
rotating parts. 


ANALYSIS INTO COMPONENTS 


As previously indicated we can analyze the sound 
into its various components and determine the intensity 
of each of these components. One method consists in 
using a microphone to pick up the sounds and generate a 
feeble electric current. This is amplified by vacuum 
tubes and then passed through a variable filter, so that 
only one component at a time passes beyond the filter. 
This component can then be measured by a galvanom- 
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eter or similar indicating device. This method, while 
obviously slow, gives complete information in regard to 
thesound produced. Inordertodetermineits effect upon 
the ear it would be necessary toassign to each frequency 
an arbitrary importance depending upon the effect of 
the particular frequency upon the average human ear, 
It would not appear that such a method could be made 
sufficiently quick and simple so that it could be used in 
routine production. It is, however, obviously of great 
value to the designer, in helping him to reduce noise. 


ORGANIZATIONS INTERESTED 


Several manufacturers of various types of machinery 
have become greatly interested in methods for measur- 
ing accurately and quickly the noises produced by their 
product. In the past five years approximately $250,000 
has been spent upon such projects at the University of 
Michigan alone and methods have been devised for 
measuring the noise produced in ball and roller bearings, 
gears, electric carpet sweepers, and similar devices. 
Instruments have been constructed and are used in 
routine production in several factories. 

Certain national societies, among them the National 
Electrical Manufacturers Association and the American 
Society of Mechanical Engineers, have become inter- 
ested in the problem of noise and have appointed com- 
mittees to consider the subject. The National 
Electrical Manufacturers Association’s committee was 
instructed, first, to find or devise a method of measuring 
the noise produced by electrical machinery, secondly, 
when such a device had been found to formulate 
standards of allowable noise in electrical machinery. 
Some of the difficulties in the first part of this problem 
have already been indicated. When we consider the 
enormous variation in horsepower, speed, frequency, 
number of phases, etc. of electric motors alone it will be 
apparent that the difficulties of the second part of the 
assignment are no less. 


CONCLUSION 


It is very evident that the American people as well as 
the manufacturers of electrical machinery are becoming 
“noise conscious.’ Great progress has been made in 
the past few years in devising means of measuring noise 
as well as improving machinery so that it will be less 
noisy. Although the difficulties of the problem are 
great there is reason to hope that some device will in the 
near future be perfected to give an immediate indication 
of the effect of any given noise upon the human ear. 
After all what is desired is to eliminate noise. But with 
such an instrument available progress will be much 
more rapid. A definite measure of noise in place of the 
present very imperfect estimate based entirely upon 
personal judgment will then have been achieved. 


Discussion 
For discussion of this paper see page 1071. 


Indicating Meter for Measurement and Analysis 
of Noise 
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Synopsis.—This paper describes a visual indicating meter for 
the measurement of noise and other sounds. Its design is based on 
the known characteristics of sound and hearing, which are sum- 
marized. Particular attention has been paid to the response of the 


OR the measurement of acoustic noises of various 
kinds, the advantages of a visual indicating meter 
are generally recognized. This paper describes 

such a meter which has recently been developed in the 
Bell System. As this meter measures noise and sounds 
in general, it has been called a “sound meter.” In 
designing this meter the aim has been to have its indi- 
cations in close accord with the present information 
as to the response of the ear, in so far as is practicable 
in a simple portable device. In this regard, particular 
attention has been paid to the response of the meter 
to sounds of short duration which frequently are an 
important part of noise. There is under development 
also an attachment for this sound meter to permit the 
analysis of sound both on a single-frequency and a 
band-frequency basis. 

To indicate the requirements for a meter of this type 
this paper discusses the characteristics of noise and 
hearing, and the attributes which it is desirable that a 
meter for noise measurement should have in order that 
its indications be correlatable with the effects of noise. 


WHAT A METER FOR NOISE SHOULD MEASURE 


Every noise problem arises from the fact that noise 
is objectionable, 7. e., produces certain undesirable 
effects upon people (such as interference with hearing, 
annoyance, effect on working efficiency, effect on 
health). It might appear desirable, therefore, to con- 
struct a meter which would measure these effects 
directly. Most of them, however, are dependent upon 
the psychology of the individual and require for their 
evaluation a large amount of further investigation. 
Furthermore, a meter for measuring one effect probably 
would have different characteristics from a meter for 
measuring some other effect, leading to a diversity of 
meters whose readings would not be comparable. 

On the other hand, a meter giving a purely objective 
description of the noise, 7. e., measuring the physical 
characteristics of acoustic waves, would also be unde- 
sirable, as the measurements would bear an unknown 
~ *Bell Telephone Laboratories, New York, N. Y. 
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meter to sounds of short duration The aim has been to make the 
meter both simple in operation and portable. An attachment for the 
frequency analysis of noise is under development. Several fields 
of use of the meter and analyzer are indicated. 


relation to the noise as people would hear it, and, 
therefore, to the effects produced by the noise. 

There remains as a practical solution of the problem 
of noise measurement, a meter having as far as practica- 
ble the attributes of hearing. This isa logical solution, 
since when measuring noise with an indicating meter, 
the ear is replaced by the meter. Since reactions to 
noise are dependent upon hearing, the readings of a 
meter based upon hearing should be correlatable with 
noise effects. 

The sound meter described in this paper is of this 
type. It aims to fill a need now felt in many diverse 
kinds of noise problems for a rather simple meter which 
can be made generally available and can be used with 
some facility to obtain a large variety of noise data. 
With preliminary models of such a meter, much valu- 
able information has already been obtained, some of 
which is summarized herein. Such data should be of 
assistance in laboratory studies of the various reactions 
of people to noise.!' As laboratory data on the effects 
of given noises on human beings become available, 
approximate relations between sound meter readings 
and the amounts of effect of various types can be 
obtained. 

As the basis for the design of the sound meter, loud- 
ness has been employed, since loudness is the most 
elemental and universally appreciated attribute of 
noise. Since the loudness of a sound depends on its 
intensity (sound power passing through unit area), 
frequency, duration, and complexity of wave shape, 
the effects of each of these upon loudness must be 
considered in determining the requirements for such a 
meter. « 


ESSENTIALS OF THE SOUND METER 


The sound meter discussed in this paper consists of 
a sound pick-up for converting acoustic into electrical 
energy; a five-stage vacuum tube amplifier; a calibrated 
gain control; an electrical network for weighting energies 
at different frequencies in a manner similar to that in 
which they are weighted for loudness by the ear; a full- 
wave rectifier and a visual indicating meter having a 
time of response similar to that of the ear; and suitable 
means for making an over-all acoustic calibration of the 
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instrument. The calibrated gain control makes it 
possible to measure sound levels over a range of 90 db. 
(corresponding to a range of 1,000,000,000:1 in input 
powers) on a d-c. meter having an effective range of 
only 15 db. The sound meter proper comprises two 
units: the amplifier unit, and a battery box which also 
contains the calibrating equipment and has space for 
carrying the sound pick-up. Fig. 1 shows a schematic 
diagram of the complete measuring set while Figs. 2 
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Fig. 1—Scuematic Diagram or Sounp Merer Circuit 
and 3 show the external appearance of an experimental 
model of the meter and battery box. 

The sound meter is calibrated in terms of a 1,000- 
cycle pressure of 0.001 dyne per sq. cm. in a free pro- 
gressive wave. This value is called ‘reference sound 
level’’ and has been chosen because it is a convenient 
reference point and for a 1,000-cycle tone is near the 
threshold of audibility for an average observer in a 
completely quiet place.* The level of a sound is taken 
as the level of a 1,000-cycle tone which gives a meter 
reading equal to that given by the sound in question, 


Fig. 


2—Mopeu or Sounp METER 


and is expressed in decibels above this reference point. 
The advantage of this reference point is that it is 
definite and reproducible, and does not depend on 
personal equation. It can be related to the threshold 
of audibility, as accurately as the latter is known. 


CHARACTERISTICS OF NOISE 
The characteristics of noise must be studied since 
they determine the range over which the characteristics 


*Reference sound level is between about 5 and 10 db. above the 
1,000-cycle threshold of audibility. A more accurate relation is 
being determined. 
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of hearing must be considered and impose very severe 
requirements on measuring apparatus. Noises vary 
widely in intensity, frequency, duration, and wave 
shape. 

Noise covers the entire audible range of intensities. 
It varies from the barely audible ticking of a watch 
to the screaming of a steam whistle or the detonation of 
heavy artillery which may actually damage the ear of a 
nearby observer. Fig. 4** illustrates the levels of some 
commonly encountered noises.?? The available data are 
not detailed enough to determine accurately the range 
of noise levels to be expected in specific types of loca- 
tion where particular kinds of machinery may be 
installed. 

As to the frequency range covered by noise, building 
vibrations sometimes are of such low frequency that 
the listener is in doubt whether he can hear a sound or 
only feel vibration; on the other hand, some noises 
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involve very. high frequencies, as, for instance, the 
scraping of a knife on glass or the jingling of keys. 
Most noises are composed of a large number of 
frequencies. 

The duration characteristics of noises vary widely. 
A noise may be steady, like the hum of rotating ma- 
chinery; it may vary in definite cycles, as the noise of an 
oscillating fan; it may increase to a maximum and from 
there on decrease till it disappears, as the roar of a 
passing train or an airplane. A great deal of noise 
consists of one or more isolated peaks, like the banging 
of a door, hammer blows, etc.; or of a series of peaks 
with or without steady noise. Fig. 5 gives a diagram of 
noise measured in a restaurant. This figure indicates: 
the magnitude and frequency of occurrence of the clearly 


**The ‘‘zero noise level” of this figure was determined as the 
threshold of audibility for certain common types of noise. 
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- discernible peaks which stood out above the general 

noise level, and the causes of these peaks. 

produced by a great many sources at different distances, 

as for instance, street noise, generally the nearby noise 

_ peaks stand out, whereas those farther away tend to 
merge with the general noise. 

Some noises have very peaked wave shapes. For 
common noises such as ordinary room or street noise, 
the ratio of the maximum instantaneous pressure to the 
r.m.s. pressure over an interval of a few tenths of a 
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second probably varies from 5 to 10. For noises con- 


sisting of hammer blows, the banging of doors, ete, 


_ this ratio may be as high as 30 or 40. | 


CHARACTERISTICS OF HEARING AFFECTING NoIse 
: ‘ 5 PERCEPTION 


_ The exact relations between the physical properties 
esi a sound and its perception include psychological 


hee which are difficult to measure.‘ It is not the 
ject of this paper to discuss these relations i in detail, 
y Syed ea has been alta ee on this. subject. 
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5,000 cycles); and the loudness of low frequency tones 
increases more rapidly with increasing intensity than 
does that of the higher frequencies Curves showing 
the relation between the loudness of pure tones and 
their frequency and intensity are given in the Bibli- 
ography.*6 

The loudness of tones of very short duration, less than 
a few tenths of a second, is a function of the time during 
which the tone persists. The available information on 
this subject is rather meager. Fig. 6 indicates the rela- _ 
tion between loudness and duration for short tones,’ 
and indicates that the ear fully appreciates the loudness 
of a tone persisting for two-tenths of a second. More 
work along these lines, however, will be necessary, 
especially to determine how the relationship applies to 
complex sounds. 

The relation between loudness and complexity of 


- wave shape of sounds is extremely involved’ and is by 
no means fully understood. 


It appears that for very 
low levels, the contribution from different frequency 


bands to the total loudness of a complex sound is ap- 


proximately proportional to the squares of the pressures 
in these bands as compared to threshold pressure. 
At high levels, the loudness of a complex sound seems 
to be materially affected by the non-linear characteristic 
of eee ear, and the relations become much more complex. 


FUNDAMENTAL DESIGN 


Consideration will now be given to the way in ahiee 
the sound meter meets the requirements imposed on it 
by the characteristics of noise and hearing. 

me ntensity Range. While an extremely wide range 
would be necessary to cover all possible types of noise, 
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based on loudness would change with variations 
in the level of the sound being measured. On this 
account, consideration has been given to the pro- 
vision of an adjustable frequency weighting in the 
sound meter. For general use, such refinement does 
not seem necessary, since it would appreciably change 
the-results of only a very small proportion of the mea- 
surements. It will be seen from Fig. 7 that only at low 
frequencies are there large divergences between the 
different curves. Some experimental data are available 
on the differences in meter readings obtained with 
weightings corresponding to the 30- and 60-db. curves. 


Source of noise Difference in readings 


O db. 
4 db. 
not greater than 1 db. 


(Mlectricvdrill sna eat ee eres tetera 
Electric fan, 1 ft. from pick-up. .... 
Several telephone ringer bells....... 


From consideration of the above and in view of the 
complications which a variable frequency weighting 
would entail, it seems desirable to employ a single 
weighting based on a loudness curve at a medium level. 
The sound meter weighting is based on the 40-db. level 
in the range 60-4,000 cycles, where experimental data 
are available. Outside this range its characteristic 
does not differ greatly from that of the threshold of 
audibility. 

Duration Characteristics. 'The response of the meter 
to sounds of short duration approximately simulates 
that of the ear, as can be readily demonstrated by 
watching the movements of the meter needle and listen- 
ing to the variation of the noise being measured. In 
such a test it will be observed that the visual and aural 
impressions are approximately synchronized. 
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Data taken from article by V. Békésy in Physikalische Zeitschrift XXX, 
1929, p. 118 


The output meter used gives a full deflection on pulses 
of noise lasting about 0.2 second or more. It does not 
overshoot more than about 0.5 db. With these char- 
acteristics there is no difficulty in reading noise peaks to 
within + 1 db. The measurement of non-recurring 
rapidly varying noises has been greatly facilitated by 
the use of an output meter having a long and easily 
readable db. scale. 
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The following test results illustrate how the readings 
of a meter are affected by its dynamic characteristics. 
Certain peaked noises were measured by the sound 
meter and by another meter identical except for its 
dynamic characteristics, which were as follows: when a 
pure tone was applied, the second meter took about 5 
seconds to come within 0.5 db. of its ultimate steady- 
state value. The difference in maximum readings on 
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of the Loudness of Pure Tones,” Phys. Rev., April 1927, p. 588 


these noises was as follows, the slower meter reading 
lower. 


Approximate difference 


Type of noise in maximum readings 


Short blast from automobile horn.......... 25 db. 
Sharp blow on. large metal can............. 30 db. 
Single short piano mote aon eee eee 15-80 db. 
Hammer blow on metal plate.............. 25 db. 
Cough wiser iin Grae a toe ds ae ee 20 db. 


Response to Complex Waves. Taking account of 
present knowledge as to the way in which the ear com- 
bines components of a complex sound, practical con- 
siderations have been controlling in the design of the 
meter. The rule of combination employed by the 
meter is known and simple, and is not a poorer approxi- 
mation to the performance of the ear, as far as this is 
known, than other practicable rules. The rectifier 
employed is of the full-wave type, and approximately 
follows a “square law;’’ that is, the meter readings are 
approximately the same when a sinusoidal voltage is 
impressed on the rectifier as when there is impressed a 
steady complex voltage having the same r. m. s. value. 
With a square law device, the meter indication is a 
function merely of the average impressed power, and 
not of wave shape. With devices following other 
simple laws, the meter indication, in general, is a func- 
tion of the impressed wave shape, even for waves dif- 
fering only in the phases of their components. Since 
phase relations would be changed in the sound meter 
circuit, any dependence on phase would be arbitrary. 
With rectifiers not of the full-wave type, the meter indi- 
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cation may depend on which way the connection be- 
tween pick-up and amplifier happens to be poled. 


PRACTICAL DESIGN 


In addition to the above, a number of practical re- 
quirements has been met in the design of the sound 
meter. 

Portability. The general usefulness of the sound 
meter depends to a large extent upon its portability, as 
in most cases of noise measurement it is necessary to 
take the meter to the location of the noise. In the in- 
terests of portability, a light and efficient type of ampli- 
fier has been designed, and the battery supply has been 
reduced to the minimum consistent with reasonable life. 
The sound meter proper consists of two units, which 
together are portable by one man. 

From the standpoint of both portability and cost, 
the analyzing equipment was built as a separate 
attachment. 

Iinearity. In designing a sound meter to cover a 
wide range of levels, and especially with an amplifier 
using a frequency-weighting network having a high 
loss at low frequencies, special precautions are neces- 
sary to reduce non-linearity to a minimum. Non- 
linearity in the sense used here means the failure of the 
meter to read correctly differences in sound level; it 
may be due either to feed-back from a high level part 
of the circuit to a low level part, or to overloading in 
circuit elements for which the transmission loss varies 
with level. It is by no means sufficient for the meter 
to measure single frequencies without overloading since 
many noises have very peaked wave shapes. 

The sound meter amplifier has been designed so that 
non-linearity is negligible. It can handle without 
overloading pure tones as low as 20 cycles, and complex 
voltage waves having ordinary peak factors. Since 
measurements are seldom made near the upper end of 
the meter scale, there is for most noises a working 
factor of safety. 

Shielding. Since sound meters may be employed to 
measure noise levels in the presence of strong electro- 
magnetic or electrostatic fields, they should be suf- 
ficiently shielded to make the effects of stray fields 
negligible. This is particularly important when an 
analyzer attachment is used. 

The sound meter is practically completely shielded 
against electrostatic fields. It was necessary to com- 
promise between portability and complete protection 
from stray electromagnetic fields. The electromagnetic 
shielding is sufficient for ordinary purposes, and there 
are several features which compensate for the fact 
that itis not complete. In most locations where intense 
magnetic fields are encountered, the noise levels are so 
high that no material error should be introduced even 
by a moderate effect from such stray fields. Also, since 
the sound meter is readily movable, in many cases the 
effects of electromagnetic fields can be made negligible 
by properly orienting or locating the meter. 
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Method of Calibration. The primary absolute cali- 
bration of the sound meter was made by placing the 
sound pick-up in a 1,000-cycle free progressive wave 
at a point at which the pressure was determined from 
Rayleigh disk measurements. This wave was essen- 
tially plane in so far as its effect on the pick-up is con- 
cerned. By means of the calibrating control on the 
meter amplifier, the gain was then adjusted to make the 
meter read the level of the 1,000-cycle wave in decibels 
above reference sound level. The meter reading for 
given acoustic pressures at other frequencies can be 
found from the frequency characteristic of the sound 
meter. 

Great care has been taken to make the sound meter 
amplifier as stable as possible. In addition, in order to 
verify in the field that the meter is reading correctly, a 
means of making an over-all acoustic calibration has 
been included. The apparatus for this secondary cali- 
bration consists of a very stable type of telephonereceiver, 
a small 2,000-cycle oscillator for energizing the receiver 
with a known current, and a means of coupling the 
receiver to the sound pick-up in order to produce a 
definite acoustic pressure on the pick-up diaphram. 
The frequency of 2,000 cycles was chosen since at this 
point the sensitivity of the sound meter is greatest, and 
the frequency characteristic is practically flat in this 
region. When the battery voltages are within their 
normal limits, calibration once a day is sufficient. 
The process of calibration is a very simple one, requiring 
only a few seconds. 

Individual sound meters will have the same electrical 
characteristics within very close limits. 


ANALYZER ATTACHMENT 


The frequency analysis of noise can be performed 
easily and accurately by means of electrical circuits. 
Means for making two types of frequency analysis are 
provided in the analyzer attachment, single-frequency 
analysis and analysis into frequency bands several hun- 
dred cycles wide. 

For continuous-spectrum noises or other noises which 
have their frequency components very closely spaced, a 
single-frequency analysis is not practicable because of 
the insufficient resolving power of any available 
resonant circuits, and consequently wide-band analysis 
must be employed. These noises are those which 
either do not contain predominant single-frequency 
components or else are a mixture of noises from so 
many sources that the individual frequency components 
from any one source have lost their significance. Street 
noise, office noise from typewriters and computing 
machines, and noise from a large number of factory 
machines are examples. 

In the development of the analyzer attachment, much 
assistance has been obtained from the work done by 
others on the development of harmonic analyzers, 
especially those for use in studies of inductive inter- 
ference on telephone circuits. In recent work con- 
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siderable effort has been exerted to design an instrument 
which is truly portable, and at the same time is very 
simple to operate. 

The selectivity, sensitivity, and modulation require-, 
ments in an analyzer depend upon the types of noise to 
be analyzed and the purposes of the analysis. These 
requirements have been considered together since 
small components of a noise cannot be measured if 
other components, including undesired modulation 
products, affect the indication of the analyzer appre- 
ciably. When the analyzer is arranged for single- 
frequency analysis, the response curve in the immediate 
neighborhood of the tuned frequency will be sufficiently 
flat so that small variations in the frequency of the noise 
component being measured will not cause large varia- 
tions in the reading of the indicating meter; this curve, 
however, will not be flat over so great a range that the 
accurate location of low-frequency components will be 
difficult or the discrimination against adjacent com- 
ponents suffer. 


USES 


The field of usefulness of the sound meter is as yet 


only partially developed, as it is applicable in the solu- 
tion of a great many acoustic and noise problems. 
Before considering the uses it is desirable to have in 
mind certain limitations. 

Limitations. A sound meter cannot discriminate 
between noise and desired sounds, nor can it pick out 
one noise from a combination of noises unless this noise 
differs radically from the others. In case it is desired 
to measure a single noise whose source is known, some- 
times all of the other noises may be stopped temporarily. 
For example, in order to be able to measure the noise 
of a certain machine in a factory room, it may be 
necessary to stop all other machines in this room, and 
also to exclude street noise and noise from other parts 
of the building. If the noise background is 20 db. or 
more below the noise from the source under investi- 
gation, it may be neglected. In other cases, a correc- 
tion can sometimes be made by measuring the back- 
ground separately. 

Secondly, the amount and character of the noise due to 
a given source are affected by the acoustic properties of 
itssurroundings. The principal acoustic properties which: 
must be considered are the volumes of rooms in which 
measurements are made, the total acoustic absorption 
present, and the characteristics of this absorption over 
the audible spectrum. Allowance for these must be 
made when applying the results of noise measurements 
made in a particular location, such as a test booth, 
to predict the amount of noise from the same source in 
some other location.!!»” 

Another limitation is the effect of the location of the 
pick-up. Small changes in the distance from the source 
to the pick-up, particularly when the distances them- 
selves are short, may result in large changes in the 
measured noise level. Certain types of noise are more 
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directive than others; this must be taken into account 
in determining the best location for the sound pick-up. 

General Noise Measurements. Many general noise 
measurements may be made with the meter without 
the analyzer attachment. Meters have been employed 
in telephone, municipal, and industrial surveys to 
determine points where noise conditions are most 
severe, and have yielded valuable data on the relative 
contributions of various sources to the total noise. 
Information of this type is essential in preparing any 
well-founded engineering plan for the reduction of noise. 

The effect of noise on the efficiency of workers is a 
matter of growing public concern. Architects and 
builders are being called upon to plan their structures 
so that they will be quiet. The meter can be used to 
aid in ascertaining desired levels of noise in various 
cases, and to determine when these levels have been 
met. It can also be used to measure the noise pro- 
duced by a machine, which will be of value in fore- 
casting the noise conditions which will obtain in the 
building containing the machine and in related loca- 
tions. Meter measurements may be made in residen- 
tial neighborhoods prior to and after installation of 
power plants, substations, etc., where it is desirable 
to know the effect, if any, on the general noise level in 
the neighborhood caused by such installations. 

As indicated in the selection of the name “sound 
meter,’’ the meter can be used to measure sounds other 
than noise. In the recording and broadcasting of 
speech and music, valuable data may be obtained by the 
use of this instrument. Optimum sound levels may be 
determined for speech and music in various situations; 
studies may be made of the sound distribution through- 
out a studio; and meter determination of balance of 
orchestras appears possible, permitting standardization 
of methods with consequent saving in time. 

Analysis. The analyzer may be used to obtain more 
detailed information about noises than can be obtained 
from over-all measurements. With this information it 
should be possible to make better estimates of particular 
effects. For example, analysis will generally be re- 
quired to determine whether an undesired sound such as 
machinery noise will be covered up by the general noise, 
or to determine whether a desired sound, e. g., a signal, 
will be audible through this noise. 

In cases of noise reduction by the use of sound 
insulating or sound absorbing materials, determination 
of the frequency composition of the noise will permit a 
choice of materials which will be most effective at the 
most important noise frequencies. 

The arrangement for single frequency analysis opens 
opportunities for the study of noise in detail. This 
feature is important in the case of machinery noise. 
A determination of the components existing in the noise 
produced by a machine may yield, by comparison with 
the mechanical features of the machine, accurate data 
as to the contribution to the total noise of each indi- 
vidual source in the machine. Such data have been 
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applied in the redesign of machines to reduce noise, 
and in many cases have permitted of carefully planned 
designs involving the minimum of changes to secure 
given results: 

The control of uniformity of manufactured products 
by means of acoustic measurement offers a wide potential 
field of application of the sound meter. It is antici- 
pated that the results in this field will be most valuable 
when careful single frequency analysis is made of the 
particular machine or process under study by means of 
special adaptations of the meter constructed for the 
particular problem. 

Measurement of Electrical Quantities. The sound 
meter is to be provided with a suitable electrical input, 
so that it can also be used to measure electrical levels 
(or to analyze electrical quantities) in cases where the 
frequency weighting and other features provided are 
suitable. 


CONCLUSION 


This paper has outlined the general requirements for 
an indicating meter for measuring noise and has de- 
scribed a meter meeting these requirements which has 
been developed. In the design of this meter,. great 
care has been exercised to have it both simple and 
portable. It is believed that this new meter will pro- 
vide a valuable tool in studying a great many noise and 
sound problems. 
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Synopsis.—The audio noise meter described in this paper is a 
portable instrument for measuring and analyzing noise and vibration 
of machinery. The analyzer obtains its high selectivity through the 


INTRODUCTION 


HE purpose of this paper is to describe a new 
instrument for measuring the loudness and fre- 
quency composition of noise and to present some 

typical test results. The description is preceded by a 
brief discussion of some aspects of the problem. 

Noise is a comprehensive term which includes almost 
all sounds except speech and music. The usual noises 
created by machinery are recurrent and approximately 
steady as contrasted with the random character of 
street noise. They are caused by vibration of the 
machine as a whole or in parts. The vibrating parts 
radiate sound waves which reach the ear directly and 
also set up vibration waves which travel through the 
supports to floors, etc., which radiate sound waves. 
The noise perceived is usually a mixture of the direct 
and indirect radiation. 

In order to control noise, an understanding of the 
causes and mode of transmission is necessary. It is 
in this field that measuring instruments are especially 
helpful. Information may now be obtained with 
instruments of the strength of the source of noise, and 
of its magnitude and quality in space. Coincidence of 
noise frequency with rotational frequency of machines 
and with vibration frequency due to magnetic forces 
may be established and serve as a basis for design 
changes. The effects of noise on the nervous systems of 
human beings are also important but satisfactory 
methods of measurement have not yet been developed. 


UNITS AND METHODS 


It is desirable to measure vibration amplitudes of 
the machine, the loudness of the noise, and the fre- 
quency and loudness of each component. The measure- 
ments should include vibration at various points on the 
machine and its support, and loudness at various points 
in space around it. The response of the instrument 
should correspond with the loudness heard. 

The sensation of loudness corresponds more or less to 
brightness, heaviness, coldness, sweetness, etc. The 
method of measurement of all these sensations has long 
been a problem. The natural unit of sensation is the 
smallest perceptible increment, but this kind of unit 
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use of a mechanical “‘band pass filter’’ of four stages. Some test 


results and a discussion of the measurement problem are given. 
* * * * * 


is difficult to establish and reproduce. This is because 
the relation between sensation and exciting stimulus 
(measured in physical units) is not a simple one. It is 
approximately a logarithmic one over part of the range. 
Accordingly a logarithmic scale in which loudness is 
expressed as the number of decibels! above threshold of 
audibility is here used. This choice of threshold or 
zero loudness as a reference point is chiefly because 
results are then comparable with published data on 
room and street noise.” 

Dependence of the sensation of loudness on frequency 
for various intensities has been shown by B. A. Kings- 
bury*® as a series of contours of equal loudness. The 
contour which at 700 cycles is 30 decibels above 
threshold of audibility of the average ear has been used 
as the basis of the response-frequency characteristic 
of the noise meter for total loudness. In the analysis 
of noise, frequency-weighting by the instrument is 
not necessary, since only one frequency is present at a 
time. The loudness of each component is measured 
separately and referred to the equal loudness contours. 
This method gives greatest sensitivity. 

Much information can be obtained by analysis of 
noise which is not obtained from total noise tests. In 
the case of machinery noise, high selectivity or ability 
to separate adjacent harmonics is essential because the 
noise contains harmonics of rotational frequency which 
is often 60 cycles or less. This requirement led to the 
adoption of a mechanical type of filter which offers the 
possibilities of a high degree of selectivity with small 
size and weight. 

The portable audio noise meter to be described is 
capable of making the above measurements. The 
method involves conversion of sound into electric cur- 
rent by a microphone, amplification, detection by a 
sensitive a-c. milliammeter, and calibration by com- 
parison with sounds of known loudness. 


DESCRIPTION OF AUDIO NOISE METER 


The complete analyzing noise meter is contained in 
three cases as shown in Fig. 1. One case contains the 
measuring amplifier and has space to hold the sound 
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pick-up and tripod. Another contains batteries. The 
third contains the analyzer. This arrangement was 
chosen so that the meter may be used with or without 
the analyzer. Fig. 4 illustrates the circuits. 

The sound pick-up consists of a condenser microphone 


Fie. 1—Avpbio Norse Merer Ser Ur ror ANALYSIS 


Fig. 2—Avuvpio Noiss Merer—Amp.irier Unit 


Fig. 3—Avpio Noisr Mrerer—ANatyzer UNIT 


and a three-stage amplifier enclosed in a separate metal 
case, shown mounted on a tripod in Fig. 1 and packed 
for carrying in Fig. 2. Power for the amplifier is ob- 
tained from the battery unit. 
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The amplifier unit consists of a four-stage amplifier 
with calibrated output meter of the rectifier-milli- 
ammeter type, a calibrated attenuator, and an ear 
compensation network. Scale and dial are marked in 
decibels. Fig. 6 shows response of the noise meter for 
constant loudness tones of different frequencies. Tests 
have shown the readings to be closely proportional to 
loudness over the range of the instrument. 

The analyzer shown in Fig. 8 may be connected be- 
tween sound pick-up and amplifier to obtain harmonic 
analysis of noises. This analyzer has been designed to 
have high selectivity to obtain complete separation of 


Sound Pickup. 
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Fie. 4—Scurematic Diagram or Avpio Noise Merrer 


harmonics, yet sufficiently broad at resonance so that 
small variations of speed or frequency do not seriously 
affect operation. The results are accomplished by an 
electro-mechanical filter as shown schematically in 
Fig. 5. The complex current to be analyzed is passed 
through windings on the poles of the driving magnet 
and a sinusoidal current from a variable frequency 
vacuum tube oscillator is passed through an exciting 
winding. The resultant flux in the air gap produces a 
torque on an armature or vibrator equal in frequency to 
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Fig. 5—Mecuanicat Fitter Usep in ANALYZER 

the difference between the complex wave and the ana- 
lyzing sine wave and proportional to the product of 
their amplitudes. The moment of inertia of the arma- 
ture and the moment of compliance of its supporting 
stem are designed to give angular vibration resonance 
at 6,000 cycles. Four vibrators are tuned to the same 


frequency and coupled in tandem by wires under ten- 


sion. A permanent magnet and associated pole wind- 
ings are mounted in’such relation to the fourth vibrator 
that its motion induces in the windings a voltage pro- 
portional.to the velocity of angular vibration. Mass 
and compliance of the vibrators and tension of the 
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coupling wires are adjusted so that the combination has 
characteristics similar to an electrical “band pass filter.” 

In the equivalent circuit of Fig. 5, inductance repre- 
sents moment of inertia, series capacitance represents 
moment of compliance of vibrator stem, shunt capaci- 
tance represents longitudinal compliance of coupling 
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wires, and resistance represents electromagnetic damp- 


ing. Fig. 7 shows the measured selectivity of the filter. . 


Since forty loudness units correspond to 100 fold in 
current change, it is seen that the current drops to 1 per 
cent of its resonant value with a change of less than 50 
cycles in frequency, while five-cycle changes have 
negligible effect. 
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In operation the frequency of the oscillator is varied 
slowly from 6,000 to 11,000 cycles. Whenever the 
difference between this and the frequency of a harmonic 
in the complex wave equals 6,000, the analyzer responds. 
The frequency range is therefore 5,000 cycles maximum. 
The minimum is at present 30 cycles. This heterodyne 
method of analysis has an important property; namely, 
a selectivity which is the same for all harmonics. 

The combination of analyzer and amplifier units has 


loudness 


10 

: | ae SEeRGeRs 
ro met SROvetee oS 
| peas BRSRSESEST 
oH Canocieeeee 
ee ee ied de ele. PaaS bot ane 
N ai SaRRSGeSR6 Seager 
eae cel eer Re Sarco mse 
Re | ea sia eee 
a Pec Pe eres Lek 

°o a 4a z 4 1e 18 zo 22 2 


es 6 LJ 
Harmonic Number 
9—Noise ANALYsIsS OF 300-Watt TRANSFORMER. F'UND- 
MENTAL OF THE SERIES IS 120 Cycures Per Sec. 


Fig. 


a broad field of usefulness. It may be used directly on 
electric circuits of suitable voltage for harmonic analy- 
sis where phase angles are not needed and is particularly 
useful on higher harmonics where analysis from oscillo- 
grams is difficult. In addition to sound analysis, it may 
be used with attachments for the analysis of mechanical 
vibrations. 

In the measurement of vibration, a device, shown in 
Fig. 10, is held against the machine and connected to 
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the amplifier. The vibration generates a voltage pro- 
portional to its velocity. This vibration pick-up is 
substituted for the microphone so that both total vibra- 
tion and harmonic analysis measurements are possible. 
Since the noise is more often proportional to velocity 
than to amplitude of vibration, this measurement gives 
an idea of the strength of the noise source and may 
be used to supplement or substitute for sound mea- 
surement. 
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RESULTS 


The uses of an audio noise meter are manifold. For 
some work, a total noise test is sufficient as for example 
comparing noise levels in factories, test booths, etce., 
and acceptance testing of machinery. If tests are made 
with the idea of changing design, harmonic analysis is 
most useful. Fig. 8 shows an analysis of noise from a 
small synchronous motor, in which the noise arises 
principally from higher harmonics of rotational fre- 
quency which is 30 cycles. Fundamental, second and 
third harmonics are below threshold while harmonics 
as high as the 74th produce appreciable noise. In 
synchronous apparatus nearly all noises are multiples 
of rotational frequency but in induction motors and 
other variable speed machines there are usually two 
series, one referred to power supply frequency and one 
to rotational frequency. 

Analysis of hum from a 325-watt 60-cycle 110-: 1100- 
volt transformer is shown in Fig. 9. Core clamps were 
loosened and the applied voltage was raised 20 per cent 
above normal in order to increase the amount and com- 
plexity of the noise. Here again theharmonicsfallin one 
series having a fundamental of 120 cycles per sec. All 
harmonics up to the 15th are present in a measurable 
amount but the fundamental isinaudible. This would 
probably not be surmised in a listening test owing to 
imagination, which would supply a fundamental in order 
to be logical. The effect of loading the transformer is 
to decrease the total noise, but the analysis shows that 
some harmonics notably second, sixth, and tenth are 
weakened much more than the average. 


CALIBRATION 
Laboratory calibration is made by comparison with 
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primary sound standards on sine-wave tones of variable 
loudness and frequency. The instrument contains 
voltmeters for checking battery condition but in addi- 
tion a convenient scheme is used for an over-all one 
point check which can be made in the field. This is 
accomplished by plugging a telephone receiver used 
with the noise meter into the output circuit and placing 
the receiver against the microphone. The attenuator 
having been set at a predetermined point, the amplifica- 
tion is adjusted by an auxiliary control until the noise 
meter is on the verge of self-oscillation. Since the oscil- 
lation is due to acoustic feed-back, the amplifier is 
again stable when the receiver is removed and is ad- 
justed to a standard sensitivity. 


CONCLUSIONS 


Although knowledge of the sense of hearing is incom- 
plete, it is felt that the instrument described serves a 
very useful purpose in studying machinery noise, the 
manner of its generation and transmission, its composi- 
tion and magnitude. 

A new analyzer having a high degree of selectivity 
and convenience of operation has been developed and 
combined with sound and vibration pick-up devices so 
that quantitative analyses can be made on electrical, 
mechanical, and acoustical waves. 


Acknowledgment is made of the able work of Messrs. 
M.S. Mead and T. M. Berry in the development of the 
noise meter and analyzer, and of C. D. Greentree in the 
development of the vibration pick-up. 
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N recent years designers of machines have been con- 
| fronted with the necessity of making them operate 
with a minimum of noise. This has been brought 
about by a general rebellion of the public against un- 
necessary noises. The Noise Commission in New York 
City is both an effect and a cause to bring about further 
action on the subject. For many years there has been 
some agitation along this line, but lately it has become 
an important factor affecting the sale of the machines. 

At the same time the design of quiet machinery has 
been made more difficult due to a tendency to reduce the 
size and weight of machines. This makes it necessary 
to work electrical and magnetic materials harder, figure 
stresses higher and allow greater deflections. . With the 
improvement of electrical and magnetic properties of 
materials it is possible to build machines smaller from 
an electrical point of view. This produces a weaker 
structure mechanically which will vibrate more since 
the forces involved have not been changed or may even 
have been increased under certain conditions. It is 
necessary then for the engineer to look to improvements 
in mechanical design which will overcome these difficul- 
ties that are being aggravated by the trend in electrical 
design. 

One of the most important prerequisites to the study 
of noise in induction regulators is the establishment of a 
method whereby quantitative measurements of noise 
can be made. Surroundings have a very large affect 
on the values of sound intensity obtained by sound 
measurement for any particular machine, so for con- 
sistent results all sound measurements would have to 
be made under identical conditions, as regards not only 
background noises, but also surfaces in the vicinity. 
Induction regulators, however, are usually too heavy to 
handle readily without heavy cranes and it is therefore 
quite inconvenient to move them to a place suitable 
for making sound measurements. 

In order to eliminate many of these difficulties it has 
been found desirable to measure surface vibration in- 
stead of sound produced. That the surface vibration 
bears a quantitative relation to the sound produced can 
be seen from the fact that in regulators there are no fans 
or other moving parts which might act on the air di- 
rectly toproduceasound; therefore, the sound must all be 
radiated from some vibrating surface. By following this 
idea all the need for special surroundings is eliminated 
and direct comparison of machines is possible on the 
test floor during working hours and with a minimum 
expenditure of time. This principle also makes it 
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possible to make representative measurements on the 
various elements of the machine tracing the vibration 
to its source and determining the effect of different 
conditions on the source. 

The noise produced by induction regulators and trans- 
formers is quite simple in character as compared with 
noise produced by rotating machinery. The noise, . 
exclusive of clicking of relays during the period of volt- 
age adjustment is radiated directly from the tank walls, 
cooling tubes, and boxes housing the control panels 
which fasten directly on to the side of the regulator, and 
has a fundamental frequency double that of the supply 
voltage. There may be harmonics of the fundamental 
present depending on the supply voltage, but they are 
usually not large where the voltage supply is reasonably 
pure. 

Experience gained on small single-phase regulators in 
the past has indicated that invariably noise could be 
reduced by a well-balanced gap and small clearances in 
the bearings. More recent experience, however, gained 


& 


Fic. 1—DeEForRMATION OF STATOR INTO AN ELLIPTICAL SHAPE 
BY THE FORCES OF THE FIELD—SHOWN EXAGGERATED 


with larger machines, has shown that there are several 
types of vibration, especially in larger regulators, which 
no amount of accuracy as to fits and centering will cure. 

According to the source, regulator vibration may be 
divided under three headings. In its elementary form 
an induction regulator consists of a stator of hollow 
cylindrical shape built of steel punching rings stacked to 
a considerable length and assembled in a frame, a rotor 
separated from the stator by a small air gap and held 
concentric by means of bearings fastened to the stator 
at either end. This whole assembly is immersed in a 
tank of oil for cooling and insulation. Both stator and 
rotor are slotted to provide space for the coils. The 
coils on the rotor are usually the primary and are con- 
nected across the supply line. 

The force due to the flux across the gap is radial and 
is balanced. Its only effect then is to deform the stator 
into an ellipse, in the two-pole regulator, with minor 
axis corresponding to maximum of flux wave. This 
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- deformation is shown much exaggerated in Fig. 1. 


around the gap at synchronous speed. 


radial direction. ec 
to distinguish it from the other types to be mentioned 
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In 
the case of a single-phase machine the position of the 
deformation does not move but its amplitude changes 
with time since the field is alternating. Since the parts 
are not polarized, both halves of the cycle produce the 
same deflection in the same direction and the resulting 
vibration has a frequency double that of the line. In 
the case of a three-phase machine the value of the field 
does not change but the axis or maximum point moves 
In this case the 


Fia. 2—Vipration or Srator UNDER Ribs Forcus OF 
} Fintp—SHowWN EXAGGERATED 
The drawing is not quite accurate since the end portions vibrate some 


but the increased rigidity due to the eae rareoe prevents the ends vibrating 
as much as Sie center 


deformation does not change magnitude but rotates in 
space with the field. The result of this deformation 


into an elliptical shape is a vibration of the stator in a 
This may be termed “‘hoop vibration”’ 


later. This vibration is transmitted directly through 
the oil ibd the tank. Fig. 2 gives an exaggerated view 
of this 1 | 


‘If the tees is out of center or eccentric with regard 
to the stator (as shown exaggerated in Fig. 3) the forces 


eh fh 
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between worm and segment with a resultant rattle that 
is quite objectionable. 

These types of vibration are the same frequency but it 
is necessary to distinguish between them when the 
question of source or cause of vibration arises. 

The more important type of vibration in large three- 
phase two-pole regulators is produced by the elliptical 
deformation of the stator under the action of the field. 
In the case of four-pole machines the field acts at four 
points with the result that the effective rigidity of the 
stator is increased and the deflection decreased. Most 
machines, however, are of the two-pole type, since they 
are more economical of floor space. Then this type of 
vibration becomes the most important in larger ma- 
chines. In small machines the stator rigidity is high 
enough to limit this vibration to a point where the other 
types become of importance. © 

In designing regulators it is desirable to calculate the 
probable amount of vibration that will be produced in 
the finished machine. It is possible to do this approxi- 


_ mately by the usual theoretical formula provided cer- 
tain assumptions and. approximations are made. 


MILS DOUBLE AMPLITUDE 


90 
STATOR CIRCUMFERENCE 


Fie. 4—Rexative Motion BrtTwEEN CorE AND FRAME 


’ 
_ X—Vibration amplitude on stator 
O—Vibration amplitude on frame 
Punching bars at 0-45-90-135-180 degrees 


In the case of hoop vibration the annular rigidity of 


the stator is the factor controlling the amplitude, so 


the amplitude of vibration is the same as the static 
deflection under the load produced by the force of the 
In the case of a three-phase regulator the field is 
fairly well distributed and it may be considered as 
having a sine wave of distribution. Then for a two-pole 
regulator the deflection can be calculated approniniely, 
by the following I 8 adh JISC Raat 
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Again the J of the frame should be included but the 
frame and punching are not rigidly connected so the 
two moments of inertia will be added. Fig. 4 gives 
comparative readings on frame and core of a large 
regulator operating at rated voltage and frequency. 
This shows the flexibility between frame and core. 
When computing gq it is necessary to correct for the 
effect of slotting. A discussion of this problem is given 
in the appendix. 

gq = 0.014 BG 

L = length of core 

F = factor to correct for slotting : 

For a representative three-phase two-pole regulator 


the following values have been computed using a value 
of F for the punchings 75 per cent of the J of a solid ring. 


I punchings 114 in.‘ 

I frame 4 in. 

I total 118 in. 

gq =Z10 Ib. 

= 0.07 X 10-*in. deflection. 

Double amplitude as calculated = 2 x 0.07 = 0.14 
x 10-? in. The measured double amplitude (average 
of several readings) was 0.19 & 10-* inches. 

If the rotor is slightly eccentric in the air gap the 
forces of the field on either side of the stator do not bal- 
ance and the rotor is deflected toward the narrower gap. 
This same action also bends the statorasa beam. When 
the field changes this deflection takes the form of a vi- 
bration having a frequency double that of the supply 
voltage. This vibration adds to the hoop vibration on 
one side and subtracts on the other in the case of.a 
three-phase, two-pole machine. The vibration of the 
rotor is carried to the covers and thence to the outer 
tank surface. If the rotor was very eccentric in the gap 
this vibration might become bad but it is quite possible 
to keep the eccentricity low enough in practise on large 
regulators to keep this type of vibration within limits. 

Torsional vibrations of the rotor, due to considerable 
flexibility in the shaft and worm are controlled by the 
mass reaction of the rotor. This type of vibration is of 
more importance in small regulators, or large regulators 
on 25-cycle service. The frequency of the torsional 
vibrations is double the frequency of the line as with all 
the other types and theamount of frequency reaching the 
outer surfaces is usually not large so ordinarily it doesnot 
directly contribute much to the noise. However, in the 
worm and segment there is a system which has a vari- 
able spring constant so if this torsional vibration be- 
comes large, higher frequencies are introduced due to 
impact between worm and segment. ‘These lie in the 
range of greater ear sensitivity and are very objection- 
able. The introduction of flexibility between rotor and 
segment or between worm and cover eliminates this 


FOLTZ AND SHIRK: INDUCTION REGULATOR NOISE 


Transactions A. I. E. E. 


difficulty preventing the vibration reaching the cover 
and preventing impact between worm and segment. 

While the vibration has its origin in the stator core 
it must pass through the oil and move the tank wall 
before it can be radiated as sound. The oil is nearly 
incompressible and serves to carry the vibration to the 
tank. The tank however, does not follow the core. 
It appears to have a number of locally resonant regions 
on the surface whose positions are not at all definitely 
determined. These do not necessarily locate them- 
selves symmetrically on two similar machines or even on 
the two sides of one machine. They even quite fre- 
quently shift position without any apparent reason so 
that it is seldom possible to check amplitude measure- 
ments made on a particular point on the tank. Asa 
result, in order to compare machines, it is necessary to 
take a number of readings in both a vertical and horizon- 
tal plane and obtain an average. 

The presence of cooling tubes further complicates 
the action of the tank wall. Tubes are liable to be re- 
sonant in themselves. This should be guarded against 
not only because of the noise caused, but because due 
to the large amplitudes that occur at resonance it is 
likely to fatigue the weld where the tube enters the tank 
resulting in a leak. In these tubes one may find any- 
thing from nearly rigid support to nearly perfect flexi- 
bility at end welds. In order to be safe then it is neces- 
sary to work outside the region between these two 
extremes. This resonance region can be computed 
by consideration of weight of tube full of oil, inertia of 
cross section and length. It is then the problem of the 
uniformly loaded beam. Where the tubes are sup- 
ported upon one another or on the tank at any place 
other than the end, the problem becomes indeterminate 
analytically. 

With information gained from vibration measure- 
ments and some knowledge of the magnetic, electrical, 
and fundamental mechanical conditions in the general 
type of structure represented by the induction regulator, 
it is possible to classify regulator noise according to its 
source in the regulator proper, determine the relative 
importance of each class in different sizes and types of 
regulators and even calculate approximately what to 
expect from a new design. Each portion of the regula- 
tor may be approximated by some mechanical system 
whose characteristics can be determined. Then check- 
ing with actual measurements on finished machines 
it is possible to correct any erroneous mathematical 
assumptions as well as obtained correction factors which 
will bring the calculated values closer to the actual 
values obtained by measurement and make it possible 
to calculate accurately performance of new designs as 
regards noise. 

The authors wish to acknowledge their indebtedness 
to Mr. J. P. DenHartog for theoretical work in connec- 
tion with stator hoop deflection and to Mr. L. G. Tubbs 
for suggestions relating to the experimental tests. 
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. Appendix ; fi=—ko?C from (3) and (4) 
In calculating the force between stator and rotor in “do a 
an induction regulator it is necessary to take intoconm- fo =—k eC qa from (3) and (5) 


rotor. The effect of the slots is to increase the reluce- The change in force 

tance of the gap. The flux does not decrease, however, ate 
since the voltage induced by it in the primary must  avsfuai— bot (eae 4 =) 
balance the supply voltage. The result is an increase — : 
of energy in the gap or an increase of force between the Using Carter’s coefficients to determine v 


' 
sideration the effect of the slotting of both stator and 


stator and rotor. The exact amount of this force will b 

_, vary with the relative position of teeth on the stator and _ gots Ke 

_ rotor. By use of the fundamental equation of potential a=: Avmetgs 
magnetic energy and Carter’s coefficients for calculating (i oe 


reluctance of a gap between toothed surfaces, it is pos- 
sible to obtain a factor representing the average over 


the pole face of the increase of force due to slotting or g40 web2 brid hb 
due to concentration of flux in the gap over a tooth. dv 29 lr, aD tat Bie ) $(57 5 ) 
vat W represents the potential magnetic energy in the » ieee 4 Spiele a) 
field between any two magnetic bodies separated by an ( Bt ees 5 ) 
air gap and r is the reluctance of the gap: “ 
W=kre — where b and c pobresett slot dimensions as shown in 


Fig. 5. 


where ki isa a constant depending on the units used. 
In order to find pone increase of force due to slotting 


Suppose the gap is decreased a differential amount 


dg; this will change the reluctance by dr, then the dv 
- one member, it is necessary to evaluate rag for both 


change i in energy fi 
k¢? dr . (1) 
Also if fi is the force state the two bodies 
2 besa dw Se fd ges, (2) 
mf oa rencee 


The sign indicates that when the body moves in the 
direction of the force the field does vas and hence loses 
energy. . 

In the case of wo smooth surfaces SERS i: an 

air gap where the gap is pense 
ee See =Cg | 
ae Le nee ey 

h e surfaces are slotted, the reluctance will vary 

the gap but also with the dimensions and 

S If the i increase in reluctance due to 

a aken care of by means oe Carter’s coefficients 


Fia. 5 


stator and rotor. Then according to the use of Carter’s . 
coefficient, the factor by which the force calculated for 


uniform gap must be multiplied is — | 
txekaidad : tsar Josiiaesal oo 


he condition of caleule 


flux d 


Magnetic Noise in Synchronous Machines 


BY QUENTIN GRAHAM*, 
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Synopsis.—Magnetic noise in synchronous machines is shown 
to be of two principal kinds. One is a vibration in the tooth fre- 
quency range which usually occurs whether load is present or not; 
the other has twice line frequency and is dependent on load current. 


STERLING BECKWITH*, 


Non-member 


and FRANK H. MILLIKEN* 


Non-member 


The vibrating part of the structure is usually the stator but may be 
the rotor and in nearly all cases of troublesome noise mechanical 
resonance is present. Some measurements of vibration on noisy 
machines are given. 


\\ 7 HILE magnetic noise in synchronous machines, 
particularly of the low-speed class, has often 
been a source of annoyance both to designers 

and operators, the literature on the general subject of 

noise is notably free from any discussion of the specific 
causes of noise in this class of machines. It is proposed 


in this paper to point out some of these causes and to . 


show the extent to which-noise may be controlled by 
the designer. Fe 

When the noise problem in synchronous machines 
was first investigated several years ago there was a 
great deal of speculation concerning the particular part 


of the machine that produced the principal vibration. - 


Suspicion was cast on the stator teeth, on the overhang- 
ing tips of the poles, and on the poles as a whole. It 
finally became evident, however, that one of the princi- 
pal sources of trouble was the vibration of the stator as 
a unit. Any condition which caused the stator to 
change from a circle to an ellipse periodically was likely 
to produce noise. Further investigation has revealed 
other sources of noise, particularly in the rotor, which 
may be almost as important as that in the stator. 


The most frequent cases of stator vibration arise 
from flux distributions which, because of unequal mag- 
netic pull on all axes, cause the stator to assume an 
elliptical shape. This requires, in effect, a two-pole 
flux distribution superposed on the normal distribution. 
It will be shown later that there are several ways in 
which such a flux distribution can be set up. In addi- 
tion, it is also possible to have a four-pole distribution 
(or any larger number) which will tend to distort the 
stator at four (or more) points. Since the stator struc- 
ture is much more rigid with respect to forces of this 
kind than to the two-pole force, they are not such 
frequent sources of trouble. 


Rotor vibration takes more forms than stator vibra- 
tion. One possibility is for the rotor rim between arms 
of the spider to move in and out, either in phase or 180 
degrees out of phase with the segment between the 
succeeding spider arms. Another possibility is for the 
poles to vibrate circumferentially. A third mode of 
vibration occurs when parts of the spider rim vibrate 


*Westinghouse Electric & Manufacturing Co.,; Hast Pitts- 
burgh, Pa. 
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axially. This last type of motion resembles that oc- 
curring in gears. 

Under certain conditions it is possible to have mag- 
netic forces tending to pull the rotor out of center. 
This requires a distribution of force having only one 
wavelength in the circumference of the machine. It 
might be called, by analogy, a one-pole distribution and 
is similar to what occurs when the air gap is unequal. 
Such forces are found in induction motors! due to com- 
binations of rotor and stator harmonics, but are seldom 
encountered in synchronous machines. They would 
occur if odd numbers of slots were used, but since the 
number of slots is almost invariably an even number, 
especially in large machines, this type of vibration rarely 
occurs and will not be discussed here in detail. 


CONSIDERATION OF PERIODIC FORCES 


Two important classes of noise or vibration with 
reference to frequency have been noted and these will 
be discussed under separate headings. The first is 
tooth frequency noise, usually occurring at no-load and 
independent of armature current, but sometimes pro- 
portional to or increasing with armature current. Al- 
though called tooth frequency, it may be slightly 
greater or less than tooth frequency, due to the rotation 
of onemember. The second type of noise is not present 
at no-load, but depends upon the armature current for 
its existence. The frequency is pole frequency, that is, 
twice the line frequency, and is thus much lower in tone 
than the other type of noise.. It is, in fact, usually 
spoken of as a vibration and while still in the audible 
range, it is more often felt than heard. 

It is realized that noises of other frequencies may 
exist but as they are relatively unimportant they will 
not be considered here. 

Tooth-Frequency Forces. In order to explain the 
cause of tooth-frequency noise, it is convenient to 
consider the change in flux of a single pole as it moves 
over one stator tooth pitch. Clearly there is some 
point as in (a) Fig. 1, where the flux is a maximum and 
some point as in (b) Fig. 1, where it is a minimum. 
Thus the flux in each pole rises and falls slightly each 
time a tooth pitch is traversed and the magnetic pull 
between that pole and the stator goes through a corre- 
sponding cycle. If the number of slots per pole is an 


1. Quiet Induction Motors, L. E. Hildebrand, A. I. E. E. 
Trans., 1930. 
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ae. each pole on the rotor is passing through the 


same cycle at the same time. That is, the variation 


“a 


_ in magnetic pull is in time phase in all poles. 


4 


If the 
rotor is centrally located the result is simply a variation 
in the radial pull which is the same across each axis. 
Suppose now that the number of slots per pole is not 
an integer. Then the magnetic pull of all poles is not 


Fic. 1—Posirion oF Maximum AND- Minimum PERMEANCE 


ty Position of maximum permeance 
b. Position of minimum , permeanes 


in time phase and it becomes necessary to examine the 
relative position of slots and poles in more detail. 

The simplest case is that in which the number of slots 
per pole consists of an integer plus a fraction having one 
in the numerator, such as 5 1/7. 
No. 1 pole has maximum flux at a given instant, No. 2 


. pole, being 1/7 tooth pitch from the same relative slot 


position, will have slightly less flux. Each succeeding 


~- 
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It is evident that if 
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Using the axariple above, it may readily be seen that 
when the rotor has moved 1/7 tooth pitch the point of 
maximum density has shifted from Pole No. 1 to Pole 
No.2. Whena tooth pitch has been traversed, the point 
of high density has moved seven pole pitches as measured 
on the rotor. With reference to the stator the distorting 
force has moved seven pole pitches plus one tooth pitch. 

Thus it may be seen that a given point on the stator 
goes through a complete cycle from maximum pull 
through minimum pull and back to maximum, while 
the rotor moves slightly less than one tooth pitch. It is 


Fig. 3—VARIATION OF Putt on OnE Poun 


a. Variation of pull on one , pole : as it moves over one tooth pitch 
b. Variation of. pull-per-pole ‘over a group of d poles (Case 1) 


shown in Appéndi /¥ Cay fee the eee case the 
frequency of the deformation iss tooth frequency + 
twice line frequency: [slots ee pole — _ nearest pect 


to have a cea ed dietcbaeee mi density or Sal over a 
group of adjacent poles, certain fractional numbers of 
slots must be used. With certain other fractional 
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of the pull now has the effect of a rotor of more than two 
poles. Due to the greater rigidity of the frame, a pull 
of short wavelength is usually unimportant. There 
may be a small component of pull which has a two-pole 
distribution, but its magnitude is so much less than the 
Case 1 distribution shown in Fig. 3b that there is seldom 
any trouble from noise. As a result, it is possible to 
classify fractional slot machines into those that are 
usually free from serious no-load noise (Case 2, Case 3, 
ete.) and those that are quite susceptible to it (Case 1). 
Pole-Frequency Forces. It has previously been 
pointed out? that the armature m. m. f. waves of ma- 
chines having fractional slot windings contain compo- 
nents of low harmonic order. With certain slot ar- 
rangements there may be a component wave of m, m. f., 
and flux, having a two-pole distribution. Other com- 
ponents may exist at the same time which are also of 
fewer poles than the actual number of poles on the 
machine. Considering first, for simplicity, a two-pole 
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Fie. 5—Resonant FREQUENCY OF STATOR TEETH 


FOR TANGENTIAL VIBRATION 


distribution superposed on the main distribution of 
flux, we again have the requirement for elliptical distor- 
tion of the stator just as in the case described under 
no-load noise. The difference, however, is that in this 
case the two-pole field travels at the synchronous speed 
of a two-pole rotor and thus produces a vibration of the 
stator at twice normal frequency. Similarly, a sub- 
harmonic having a four-pole (or higher) distribution 
may distort the frame at four or more points and cause 
vibration. The frequency will be twice normal in all 
cases since the rate at which poles of the superposed dis- 
tribution pass a given point on the stator is the same 
regardless of the number of poles. 

While it is convenient to start from the assumption of 
a single two-pole component of armature m. m. f. in 
describing the effect of a two-pole pull, this simple case 
does not complete the story. It is shown in Appendix 2 
and illustrated in Fig. 10 that when there exist any two 


2. The M. M. F. Wave of Polyphase Windings, Graham, 
A.I. E. E. Trans., 1927, Vol. XLVI, p. 19. 
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components of flux differing in harmonic order by two, 
there will be a resulting modulated wave which gives the 
same effect as a simple two-pole distribution.2 When 
the order of magnitudes is examined it is found that 
these modulated waves are really the important ones. 

Since it is possible to have a two-pole pull due to a 
single sub-harmonic and at the same time to have com- 
binations of two higher harmonics each giving an effec- 
tive two-pole pull, it becomes necessary to combine the 
two or more sets in the proper phase relation. In some 
cases the several components may add in such a way as 
to partly cancel one another while in other cases they 
add to form a higher total. 

The elimination of any one unwanted harmonic can 
be accomplished by changing the coil grouping* in two 
relatively simple ways—even though it is complicated 
somewhat in a machine with paralleled armature circuits 
by the fact that any change made must be duplicated in 
each parallel of every phase. The first method is 
merely to cut out coils whose electrical position coincides 
with the vector position of the harmonic to be elimi- 
nated. The second way is to shift coils from one phase 
group to the next adjacent group in such a way that the 
troublesome harmonic is decreased without reducing 
the terminal voltage of the machine appreciably. 


MECHANICAL ASPECTS 


The existence of various forces tending to distort the 
machine has been established. It has been pointed out 
that the most serious cases of trouble arise from the 
two-pole type of pull, since forces distributed in this 
way produce the greatest deflection. Experience, how- 
ever, seems to show that nearly all cases of objectionable 
noise* occur when there is resonance between the mag- 
netic forces and some part of the mechanical structure. 
For this reason even the four-pole or higher force dis- 
tribution may result in trouble if the necessary resonant 
condition exists. It becomes of interest then to con- 
sider the possibilities of resonance. 

Stator Vibration. It may not be entirely obvious 
that a rotating deflection of the stator can be affected 
by resonance. It can be shown however, that the 
rotating pull or deflection may be considered as the re- 
sult of two stationary pulsating pulls which are 90 de- 
grees apart in space and time. Thus resonance to a 
traveling elliptical deflection is quite possible. In 
practise, one of these components is usually damped 
considerably by the frame supports. 

Tests made on a number of machines have shown 
that resistance to a distortion in the plane of the lami- 
nations is usually dependent entirely upon the frame or 
clamping plates and not upon the laminations. The 


3. P.L. Alger and W. V. Lyon, discussion of The M. M. F. 
Wave of Polyphase Windings, Graham, A. I. EK. E. Trans., 1927, 
Vol. XLVI, p. 29. ; 

*We are well aware of the difficulties of defining an objection- 
able noise. The term is necessarily relative and is used here to 
mean a noise considerably worse than that of average commercial 
machines for industrial plants or power stations. 
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laminations become so much dead weight attached to 
the frame but add nothing to its stiffness. The follow- 
ing formula developed by Timoshenko! for simple rings 
has been applied to complete stators in a number of 
cases and has given useful results, as shown by Table 
I and by the comparison between calculated and test 
results in Figs. 7 and 8. 


TABLE I—NATURAL FREQUENCIES OF STATORS OF TYPICAL 
SYNCHRONOUS MOTORS FOR COMPRESSOR DRIVE 


Natural frequency of stator 


Frame size suitable for i=2 %=3 i=4 i=5 i=6 

100 hp. 360 r. p. m.. .190. . .540 . 1,030. . 1,670. 2,450 
150 hp. 277 r. p. m.. 127...360.. 690..1,120. .1,640 
200 hp. 200 r. p. m.. ... 85...240.. 460.. 750. .1,100 
400 hp. 200 r. p. m.... . 70...200.. 370.. 620.. 900 
ODD LEONE SED af. ¥.' co sack, oa 54...150.. 290.. 470.. 690 
e ene oh gE Iv? (1 — 22)? wee 
mas 2rr N ‘ 
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Modulus of elasticity. 
Weight of ring per circumferential 
inch. 
r = Meanradiusof ring. — 
I = Moment of inertia of frame (punch- 
ings considered as dead weight). 
* «4 = Wavelengths per circumference. 
gs = Acceleration of gravity. 

Rotor Vibration. While it has been shown that stator 
vibration is of consequence only when there is a force 
tending toward elliptical distortion of the frame, rotor 
vibration may also be set up by a periodic variation in 
the magnitude of the normal radial gap force, such as 
that occurring in integral slot machines. 

Rotor resonance is affected so much by the rotor arms 
it is not susceptible to such accurate calculation as 


where EH = 


\ lin giving the probable upper and lower bounds of 
resonant frequency for radial vibration oftherim. One, 
for a section of rim pivoted at both ends, is: 


7 NG owed. (2) 


f 

ere g E, I, r, and y A are the same as in formula 
2 is the angle subtended by the rim segment. 

> — 40° — 60° — 80° — 100° 


MAGNETIC NOISE IN SYNCHRONOUS MACHINES 


Two formulas,® however, have been found: 


' vibration tests of machines having pole frequency vi- 
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Where g, E, I, 7, and y A are the same as in formula 
(1), and ais the angle subtended by the rim segment. 

a = 20° — 40° — 60° — 80° — 100° 
C, = 504 — 124 — 53.8 — 29.2— 17.9 

A formula for the resonant frequency of gears with 
different modes of rim vibration is also available,° 
and has been found useful, but requires so much em- 
pirical correction when applied to plate spiders that it 
will not be given or discussed here. 

Stator Tooth Vibration. Tangential vibration of the 
stator teeth is often thought of as the simplest and most 
probable form of mechanical vibration causing tooth- 
frequency noise. If it be agreed that resonance is 
necessary for appreciable tooth motion, then Fig. 5 
shows’ that almost all machines are out of the range 


Fie. 6—Magenitupr oF VIBRATION AT Various Points 
AROUND THE STATOR 


where tooth resonant frequency approaches tooth fre- 


quency. The assumption that resonance is essential 


is justified by past experience, and appears reasonable 
from a consideration of the stiffness of the teeth. ; 
Test Results. Figs. 6 to 9 show the results of several 


bration. The measurements were made by amplifyi: 
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correctly oriented with the vibration curve. Measure- 
ments were made on the back of the punchings half way 
between the ends of the core although the results would 
have been the same had they been made at any point 
on the same axial line. 

Fig. 7 shows the change of vibration amplitude as the 
supply frequency is varied. The calculated resonant 
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frequency for the frame is shown on the curve. In 
making the calculation the punchings were added as 
dead weight but the armature copper was not included 
since it is probable that the slot clearance, flexibility of 
end windings and damping effect of insulation may 
cause the effective mass to be zero or even negative. 

Fig. 8 shows similar tests on a machine which was 
later braced to add stiffness to the structure. The re- 
duction in vibration at the operating point (120-cycle 
vibration) is considerable. The frame of this machine 
was not weak in comparison with frames of similar sizes 
and types but happened to have a natural period which 
gave unfortunate results. 

Fig. 9 is an exceedingly interesting curve showing a 


TOTAL VIBRATION IN MILS 
FREQUENCY 
AFTER CHANGE 
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Fic. 8—ReEsonANce Curve FOR VIBRATION OF THE TYPE 


SHOWN IN Fa. 6 


dip in the center which was found to be due to end-bell 
resonance at that point. The violent oscillation of the 
rather light end-bells absorbed sufficient energy to 
decrease the frame vibration at what otherwise would 
have been its region of greatest amplitude. Since cal- 
culation of the resonant point of a complex structure 
like an end-bell is practically impossible and since its 
likelihood of setting up objectionable overtones is 
great it illustrates the difficulties that face the designer 
in trying to predict his results. 
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Vibration of a stator in the tooth-frequency range has 
not been measured accurately although it has been 
observed and definitely identified. One machine ex- 
hibiting this type of vibration had eight distinct nodes 
(the four-pole type of pull). The number of slots per 
pole was such as to give a vibrating frequency of 635 
eycles while the calculated resonant frequency of the 
frame for this mode of vibration was 645 cycles. The 
same frame was later tested with four-node (two-pole) 
vibration and a resonant frequency of 115 cycles was 
found. Since there is definite ratio between the 
resonant frequencies for the four-node and the eight- 
node type of vibration as shown by equation (1) it 
can be concluded that the resonant frequency for the 


eight-node case was actually 623 cycles. This value 
"Tee ae 
scald eA aS Pots 
Bee eo « 
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compared with the frequency of 635 cycles for the dis- 
turbing force indicates that a high state of resonance 
existed. 


Appendix 1 

Let the magnetic pull on each pole as it moves 
through one tooth pitch be represented by the curve 
of Fig. 8a. In the case of fractional slot windings 
each pole passes through the same cycle but not in 
time phase with all other poles. Let the curve, Fig. 
3a, be divided in d parts where d is the denominator of 
the fraction expressing the slots per pole. Then at a 
given instant the pull of each pole can be taken from 
the intersection of the curve with one of the vertical 
lines. The particular point on the curve applying to 


_any given pole is found from a consideration of the 


fraction expressing the slots per pole. 


n 
Let, slots per pole = any integer + rae 


There are several cases to be considered depending 
on the value of n. 


Case1;n= +1. If n = +1 it is easily seen that 
adjacent poles will have values of pull taken from 
adjacent points on the curve in Fig. 38a. That is, be- 
tween the center of pole No. 1 and pole No. 2 there is an 
integral number of tooth pitches plus 1/d tooth pitch. 
Thus the pull of pole No. 2 at any instant is the same 
as the pull of pole No. 1 will be after it has moved 1/d 
tooth pitch. A curve showing the pull of a group of d 
poles is given in Fig. 3b. 


5 
=<, 


~ 


passes through all the points, is not quite exact. 


quency and s is slots per pole. 
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It can be seen that a ee condition would exist if 
n=-—1. 

Case 2; nm = +2. When n = + 2 adjacent poles 
will have Ate of pull faker from every second 
division of the curve in Fig. 3a, since each pole is an 
integral number of tooth pitches plus 2/d tooth pitch 
from the pole next toit. The curve of pull for a group 
of d poles in this case takes the form shown in Fig. 4a. 
A similar curve is obtained if nm = — 2. 


Case 3; n = +3. Case 4; n = £4, ete. Curves 


are obtained similar to Fig. 4 with three, four, etc., 


waves per group of d poles. 

It is possible to have vibration in any of these cases, 
but experience indicates that it is usually the machines 
having Case 1 distribution that produce troublesome 
noise. Thus machines having a number of slots per 
pole consisting of an integer plus a fraction having 
numerator equal to aie or minus one are most likely to 
be noisy. 

In Fig. 4ba See curve has been drawn through a 
very few points so as to give a curve which exactly 
repeats. This simplification of representing a few 
points by a single harmonic curve, even if the curve 
Fur- 
thermore, the assumption that the pull of each pole may 
be concentrated on its centerline is not strictly true. 
For these reasons the analysis must be taken as an 
approximate one which is convenient for illustration 
and which, fortunately, i is close enough to the facts to 
give practical working rules. It may be possible, 
however, in Cases 2, 3, 4, etc. to have a small component 


of force distributed in space as in Case 1 (but traveling 


at a different speed) and, if a resonant condition exists, 
to have troublesome vibration. No such cases, how- 
ever, have been observed. 


_ Frequency of Vibration. For Case 1 distribution it is 


evident that the wave of force moves one pole pitch on 


the rotor while the rotor itself moves 1/d tooth pitch. 
When n = +1 the wave of force moves against the 
direction of rotation and when n = — 1 it moves with 
rotation. Since the wavelength of the force wave is d 
pole pitches it is evident that the frequency of the force 
with reference to the rotor is 2 fs where f is line fre- 
That is, it is tooth 
frequency. During one cycle with respect to the rotor 
the wave is carried forward or backward one tooth 
pitch by the motion of the rotor. Since there are sd 


teeth per wavelength the frequency of the vibration 
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This can be expressed as: 


Tooth frequency + twice line frequency [slots per pole 
—. nearest integer] (4) 


Appendix 2 


Since any given harmonic of flux will not have the 
same effect in producing pull when it exists by itself 
as when it is superposed on other harmonics, as illus- 
trated graphically in Fig. 10, it is necessary to consider 
all harmonics together and take cross-products into 
account in obtaining pull from flux. In the following 
analysis, however, only the harmonics cutting the 
stator with 60-cycle frequency will be considered, as 
the others can contribute nothing to the 60-cycle vi- 
bration phenomena observed. Thus the harmonics 
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left to consider will be only the fundamental of field 
flux and harmonics due to the armature magnetomotive 
force. 
The oe Fourier equation for flux is: 
= 2A, sin (m (8 + Bn) + wt) (5) 


where n Sharda of harmonic (n = 1 for two pole 
harmonic) 

G= SG degrees 

8, = phase position of nth harmonic (physi- | 
cal degrees) 
Oi 2 Ty 
(tee Lime 
As indicated in Table II, the numerical summation is 


TABLE II—POSSIBLE SUB-SYNCHRONOUS HARMONICS 


(For three-phase machines with an even number of slots and 60-degree 
phase belts) 


1. For machines with 10 +12 K) poles, 
Possible harmonics are. at 
5 For! machines v 
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considerably simplified by the fact that all harmonics 
do not exist in any one machine. 

Substituting the values n = +1, —5, +7, —11, +18, 
—17,. . .ete. (where + or — refer to direction of rota- 
tion) and squaring: 

2 = constant X pull = 4 A,?sin? (n (0+ 86,) + wt) 


+ 2[2A, sin(n(O-+-6.)08) © Anyi sin{(n+1) (6 
n n=1 


+ Bn4i)+w tH] (6) 

Where the second summation of the second term is 
performed for every value of n in the first summation 
(t. e., itis a doubly infinite series). 

Using the relations: 

sin? a = 1/2—1/2cos2a 

and, 2 sin a sin 8B = cos (a — B) — cos (a + B) 
and neglecting the components that do not vary with 
time, it will be found that, for the values of nm given 
above (+1, —5, +7, —11, etc.) the ‘“two-pole” travel- 
ing harmonics of pull are: 
— 1/2A,cos (20+ 26:— 2 wt) 
“+ DA, Anzo cos {20+ Ba + (m + 2) Baye — 2.0 t} 


(7) 
Where » in the summation takes only the values 
5, Lis 17, 2opete. 
Similarly, the four-pole traveling harmonics of pull 
are: 
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XA, Ansys cos (40— 2B, + (n + 4) Bags +2 wt) (8) 


Where v takes only the values 1, 7, 18, 19, ete. 
Harmonics producing 6, 8, 10, ete., pole pulls can be 
obtained by the same process. 


For a machine in which the third or fourth series of 
harmonics is indicated in Table II, the process can 
be carried through in the same manner, and, for 
the two-pole pull, gives the following: 


¥ A, Anse cos (2 0— Bn + (n + 2) Bngz—2wt) (9) 


where n = 2,8,14,20 . . .etc.,in the summation. 
For four-pole pull the components are: 
—1/2A,cos(40+48.+2 wt] 
+ DA, An+4cos [4 0— Bn + (mn + 4) Baza 


+21] 


Where n = 4, 10, 16, 22, etc., in the summation. 

The above analysis applies to machines with an even 
number of slots. A machine with an odd number of 
slots, can be considered as half of a machine with an 
even number of slots, and the results determined and 
interpreted accordingly. 


(10) 


Discussion 
For discussion of this paper see page 1071. 
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- Elastic Supports for Isolating Rotating 
Machinery 


BY E. H. HULL* 


Non-member 


N spite of the increasing refinement in the design of 
electrical machinery, the combination of high rota- 
tive speeds, smaller machine parts, and less massive 
buildings, makes the problem of noise constantly more 
In general, two types of noise originate from 


mitted through the machine foundations to the frame- 
work of the building in which the apparatus is installed.! 
Difficulties of the latter type may often be remedied by 


‘a properly designed elastic support between the ma- 


chine and building. 

Elastic supports can be made to isolate from two 
types of disturbance; shocks of any frequency typified 
by the automobile spring suspension, or from vibration 
of one or several known and constant frequencies. The 
supports described in this paper fall in the second class. 
The function of these supports is to zsolate, not absorb, 
vibration. 


The effect of sas a support may be demonstrated 
with the apparatus shown in Fig. 1. The mass M, © 


Fie. 1—DEMonsTRATION APPARATUS 


constrained to move in a vertical direction, i is supported 
throu ag ae er ky = er igi P, which 1 moves 


and 
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weight and the impressed force shifts through 180 deg., 
and at progressively higher speeds the weight amplitude 
becomes smaller, until, at a high speed, the weight re- 
mains practically stationary. Substantially the same 
phenomena is shown by a shaft while passing through 
its critical speed. The curve marked b = 0 in Fig. 2 
shows the relation between amplitude (ordinate) and 
speed (abscissa). From this curve it can be seen that 
the elastic support is not useful until a speed well above 
the critical speed is reached. 

Fig. 3 represents the general case in which a machine 


na 
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Fig. 2—TRANSMISSIBILITY CURVES 


of mass M is supported by a spring of stiffness k, having 
a damping constant 6. A sinusoidal force of maxi- 
mum value F and angular velocity w, is impressed 
on the mass. A certain proportion of F is trans- 


mitted to the base through the support and appears 


as a sinusoidal force of maximum value f. Call the 
ratio of the force transmitted to the force impressed 
the transmissibility e. Appendix I gives in equation (4) 
rf Jb? w? + ke? 
(Se SEES 
F Jb? w? + (k — M w)? 
Whenb = 0 this reduces to i 
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impressed frequency, w, to the natural frequency of 
the system, w.. When the damping, that is, friction in 
the support, is increased, more force is transmitted to 
the foundation. Curves marked b = 0.5 and 6 = 1.0 
show this effect plainly. 

In our model (Fig. 1) the disturbing medium is an 
impressed amplitude on the spring, whereas in the 
actual case the disturbance is a force impressed on the 
mass. It can be shown, however, that the same ex- 
pression for transmissibility is obtained in each case. 

Several materials are available for elastic support. 
Metal springs may usually be designed to fit any given 
installation, but they require considerable space, and 
the ratio of stiffnesses in the various directions cannot 
be easily varied. Metal has an obvious advantage in 
its resistance to deterioration of all sorts. 

Some materials such as cork, felt, and gelatinous 
substances, show a gradually decreasing thickness under 
load which solidifies the material, raising the stiffness, 
and hence raising the transmissibility of any support in 
which they may be used. Also, the damping is usually 
high in such material. 

Rubber compounds containing a large percentage of 
pure rubber form a convenient substance for use in 


L 
(eS 
Ee e 
R 
Fie. 3—Euasticatty Mountrep Mass with ELECTRICAL 
ANALOGY 
supports. Small volumes only are necessary, the na- 


tural life is fairly long, and may be extended with 
antioxidants. Oil slowly dissolves rubber, but protec- 
tion can be arranged in most cases. Once its elastic 
properties are understood supports may be designed 
for nearly any combination of stiffness. Damping in 
rubber is not sufficiently high to cause increased trans- 
missibility. 

Damping in the support itself is detrimental since it 
must be designed to operate where damping raises the 
transmissibility. On the other hand damping in the 
foundation under the elastic support is beneficial. In 
the case of a lightly constructed building this damping 
would decrease resonance effects in the floors and walls, 
and decrease the amplitude at any frequency. 


The noise and vibration of machines which may be 
transmitted through the foundation, and which may 
be isolated by an elastic mounting, fall into three gen- 
eral classes: unbalance, mechanical brush and bearing 
noise, and magnetic noise. Vibration due to unbalance 
occurs at rotational frequency which usually is near 
1,200 r. p. m. or 20 cycles per second. These frequen- 
cies are too low to cause noise at the amplitudes ordi- 
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narily encountered, but may cause excessive motion of 
the foundations occasionally resulting in rattles. 

Bearing noise is negligible in journal bearings. Ball 
bearings, however, cause considerable direct air noise 
and in some cases are the source of noise which is trans- 
mitted to the foundations. Brush noise transmitted 
to the foundations is not serious in the case of slip-ring 
motors. 

Magnetic forces in the machine are the greatest 
source of noise. In a-c. machines the fundamental 
noise frequency is twice the applied electrical frequency 
or 120 cycles for 60-cycle machines. Harmonics of 
this fundamental frequency and other high frequencies 
also occur, but of relatively less intensity. 

Elastic mountings used to isolate the above noises 
and vibrations usually do not constitute a simple sys- 
tem. In general, six natural frequencies of the machine 
on its mounting occur. These frequencies have been 
calculated by the expressions given in Appendix II and 
checked by observations. The modes of vibration of 
the machine at these frequencies are approximately as 
follows: 

1.. Angular motion about a horizontal axis parallel 
to the shaft. 

2. Linear motion in a horizontal direction perpen- 
dicular to the shaft. 

3. Angular motion about a horizontal axis perpen- 
dicular to the shaft. 

4. Linear motion in a horizontal direction parallel 
to the shaft. 

5. Linear motion ina vertical direction. 

6. Angular motion about a vertical axis. 


The elasticity of the mounting must be adjusted to . 


-the machine so that none of these resonant frequencies 


coincides with that of any disturbing force. If this 
occurs, the amplitude becomes large and the transmis- 
sibility high in the direction of resonance. 

As described above, there is a wide variety of noise 
and vibration frequencies to be isolated, which range 
from the rotational frequency, the lowest, to the high 
magnetic disturbances which may be several hundred 
cycles per second. By inspection of the formula for the 
transmissibility, it is seen that if a mounting is designed 
to isolate a certain frequency, the higher frequencies 
will be isolated more effectively. For this reason the 
high frequencies, unless their amplitudes are. greater 
than ordinarily encountered, do not present any 
difficulty. 

The foundation upon which the machine is mounted 
affects the mounting design. Noise problems at the 
present concern installations in hotels, apartment houses, 
schools, and office buildings, where the foundation is 
usually a concrete floor. This floor is most sensitive to 
forces transmitted from the motor in a vertical direction 
which tend to bend the floor slab. For this reason the 
transmitted force normal to the floor should be given 
particular attention. 


ae 
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latter class. 
is not limited by the stability of the system against 


- Damping, as has been described above, is beneficial 
in the foundation as it reduces the vibration amplitude 
of the floor which is the source of sound radiation. 
This is particularly true for high frequencies as they are 
damped more than the low frequencies. 

Since the high frequencies are isolated best by the 


mounting and are also damped most by the foundation, 


there usually remain only two frequencies which are 
troublesome. These are the rotational frequency and 
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the fundamental magnetic frequency. In estimating 
the transmissibility of a proposed mounting, the lowest 


disturbing frequency should be used as the impressed 


frequency in the calculation. The vertical resonant 
frequency of the mounting should be used as this deter- 
mines the transmission normal to the foundation. The 
other five resonant frequencies, however, should also 


_ be comparatively low. 


Elastically mounted eines may be separated into 


two classes depending upon whether they transmit 


torque to apparatus on a separate base or are self 
contained. . Motor-generator sets are an example of the 
The stiffness of the support for these sets 


external forces such as belt pull. Hence the vertical 


natural frequency can be made sufficiently low to iso- 


late the unbalance vibration of the machine, which is 
the lowest frequency of disturbance present. For these 
low frequency aes which are below the audible 


range, a ratio of of 2or3is sufficient. 
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and a correspondingly high stiffness. Fig. 4 shows a 
curve of Young’s modulus in compression for 1 in. thick 
soft rubber as a function of the area. 

The modulus of rubber also increases considerably 
with the deflection. Fora given sample of rubber, the 
stiffness increases with load on the rubber. These 
variations of stiffness of rubber may be combined for 
the purpose of specifying the size of pad to be used 
under machines of various weights. Fig. 5 shows a 
useful arrangement of the data. This curve gives the 
area of a pad of rubber to be used for various loads to 


give a constant value of the vertical natural frequency 


of the system. This natural frequency is the criterion 
of transmissibility of the mounting. The curves given 
here are for 10 and 14 cycles. Similar curves can be 
drawn for other frequencies. 

Four pads of suitable proportion to give the motor- 
generator set the proper vertical natural frequency are 
chosen from the above curve. These pads are slipped 
under the corners of the base between flat surfaces. 


In the more general motor applications the mounting 
is of the first class as it must withstand belt pull. The 
mounting must have sufficient elasticity in the direction 
of the disturbing force to give satisfactory isolation, yet 
be sufficiently stiff to satisfy the requirements of belt 
operation. Mountings of this type have been used to 
isolate the torque pulsation of single-phase motors. 
The support can be made elastic in a torsional direction 
and stiff radially. This is an easy solution of the con- 
flict between the requirements of elasticity for isolation, 
and rigidity against belt pull. The result is that the 
torque pulsation at 120 cycles is satisfactorily isolated. 
There remains some 120-cycle vibration in other direc- 
tions which occurs both i in single-phase and polyphase 
motors. 
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Fig. 6 is an illustration of a mounting as worked out 
for a polyphase induction motor having a speed range 
from 50 to 100 per cent normal speed. To isolate the 
120-cycle magnetic frequency the ratio of the impressed 
to the natural frequency should be about 8, or for 120- 
eycle vibration the natural frequency should be 15 
cycles, This is in the usual range of rotational fre- 
quency and resonance may occur. The six natural 
frequencies of the mounting mentioned above were 
adjusted, by varying the size and disposition of the 
rubber, to be either above or below the range of running 
speeds. 

This mounting has been compared with all of the 
usual types of mountings on a specially prepared sound 
box. This box consists of an elastically mounted con- 
crete slab upon which the motor and mounting to be 
tested are placed. The slab serves as a roof to a box 
large enough for an observer to enter comfortably. 
The box sides and door are made of sound proof ma- 
terial which prevents the transmission of extraneous 
sounds. The only sound which can be heard inside the 
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Fan 


box is the radiated noise from the concrete roof, which 
is a measure of the transmission through the elastic 
mounting. Results of tests on the sound box show 
that this mounting compares very favorably in sound 
transmission with the mountings tested thus far. 

Fig. 6 shows this mounting installed under an in- 


duction motor driving a ventilating fan in a large office © 
building. Power is transmitted to the fan through 


a V-belt drive. The belt guard was not fastened to 
the motor as is usually the case for this would form a 
rigid contact with the foundations and transmit noise. 
Flexible leads were also used to prevent vibration being 
transmitted to the control panel and thence to the 
foundation. The steel plate underneath the elastic 
mounting is not necessary for its operation but is used 
in this particular case to make connection with the 
foundation bolts which were not located properly for 
this muting noise transmitted from the motor 
could be detected in the floor. The motor itself was 
stable throughout the speed range, vibrating through a 
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maximum amplitude of 2 mils at a low frequency, due to 
forces transmitted through the belt from the fan. This 
slight motion is not objectionable. 

To summarize; elastic supports are useful only when 


A ratio of 2 or 3 is 


the ratio is greater than 1.41. 


sufficient for unbalance vibration, while a ratio of 7 or 8 
is necessary for noise isolation. Damping in the elastic 
member of a support is undesirable since it causes in- 
creased transmission; on the other hand damping: is 
beneficial when present in the foundations. If the 
mounting is designed to isolate the low disturbing fre- 
quencies, the higher frequencies will take care of them- 
selves. In the general case, the mounting has six 
natural frequencies, none of which should occur within 
ten per cent of the running range. In addition, for 
machines which transmit torque, the mounting must be 
sufficiently rigid in the direction of belt pull to allow 
stable belt operation. 

In conclusion we wish to express our gratitude to 
Mr. A. L. Kimball of this laboratory for the ideas and 
assistance which he contributed while this work was 
being carried out. 
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DERIVATION OF THE EXPRESSION FOR TRANSMISSIBILITY 
OF AN ELASTIC SUPPORT 


Problems in mechanical sinusoidal motion may be 
solved, for the steady-state conditions, by setting up 
the analogous electrical circuit, solving that by the use 
of complex quantities, and then substituting the me- 
chanical terms for their electrical analogies.2. Table I 
shows these equivalents. This process involves the 
difficulty of transforming to the electrical system and 
back again, as well as the objectionable fact that the 
result appears in terms of velocity (current) rather than 
amplitude (charge). 

Certain changes allow the problem to be solved di- 
rectly in mechanical units as shown below. 


E F 
oe aed Ce (1) 


= a orv = Z 
Dividing by w gives 
nities 
wo Z 


L = (2) 

Phase angles computed from (2) will be the comple- 
ments of the proper phase angles. Multiplying w Z by 
7 to remedy this difficulty gives® 


F F 
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(3) 


where Z,, = mechanical impedance, or amplitude im- 
pedance, which can be formed from the following com- 
ponents just as electrical impedance is set up from w, 
L, C, and R. 
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- Mechanical Electrical 

Mic NEASS 0 foils L...Inductance 

1D sieve. V CLOCIEY), 37-5 \0 i....current 
az....Amplitude... q...charge 
b....Friction coef.. R... Resistance 
nS Brora . 

yj: Stiffness °°” C., . Capacity 
Z....Impedance .. Z...Impedance 
Wie sere BF OLCO agi audiare” E...Voltage 
Zm »-Mechanical Sat oe 
J impedance. JoZ 


Viscous friction (proportional to Peoaie) is repre- 
sented byj wb. 
Mass reaction is represented by — 
Spring reaction is represented by k. 


M wo, 


Two general rules based on amplitude may be given 
for adding the mechanical components of impedance, 


just as two rules are given, based on current, for obtain- 
ing impedance in electrical problems. 
1. When various components of a ete have the 


same amplitude impressed upon them, their impedances 


are added directly to obtain the total impedance. 
2. If it is possible for two or more parts of a system 


to divide an impressed amplitude between them, de- 
pending on their impedances, then the reciprocal of the. 


total impedance is the sum of the reciprocals of the 
individual impedances. — 

The analogy with the series and parallel cases in elec- 
trical theory is obvious. — 

Referring to Fig. 3 the transmissibility? of the 


of 
mounting, é, eatals i cre Wa is the maximum value 


of the impressed force and ie is the maximum value of 
the alternating force on the foundation. In this case 


the mass, spring, and damping elements have the same 


amplitude impressed upon each, hence they are in series 
and their impedances add. 

— ror” - hi _ — 

-jbatk- Mo 

Alsof = 2 (jb w +k) 


Solving ior F and taking the ratio gives 
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_ Taking the absolute magnitude yields 
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This expression becomes negative at values of 


._ @-> o,, indicating that F and f are opposite in phase. 


Since we are not interested in phase relations this sign 
may be reversed, giving 


: (5) 
PE meena in 5 aes 
f a5) 2 5 
(ers | 
Appendix IT 


RESONANT SPEEDS OF AN ELASTIC MounTING 


The six resonant speeds of a machine resting on elastic 
feet may be calculated using the symbols given below. | 
k, = Stiffness of the support in the X direction 
= Stiffness of the support in the Y direction 
= Stiffness of the support in the Z direction 
= Moment of inertia about the X-axis 
= Moment of inertia about the Y-axis 
= Moment of inertia about the Z-axis 
= Mass of the machine . yA be 
= Linear amplitude of vibration of thet center of 
_ gravity along the X-axis 
or Angular amplitude of vibration about the 
Z-axis 
= Angular velocity of the impressed vibration 
= Maximum value of a sinusoidal applied torque. 


~ 


x 


J 


ase 


se: 


Fig. 7 


Assuming symmetry of the feet about the Y-axis as 
shown in Fig. 7 the equation of linear motion along the 
X-axis for zero applied force is 

; (M ow —k.)a+6Rik, cosa = 0 (1) 

The corresponding equation of angular motion about 
the Z-axis for applied torque = T 
UU: w—R,2(k, cos? a+k, sin? a)lp+e R,k,cosa=—T 

(2) 


Solving equations oF and (2) agin oate™ for o 
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laa? + we? Wa? + wr Wa? ws? 4 
coz Shee a ( D ) 
1+ cot? 


where w,? = 
7 M 


ae R,? (kz cos? a + k, sin? a) 
Op i 


®, represents the natural frequency of this system if 
the machine is constrained to move as a unit in the 
X-direction and is not allowed to oscillate torsionally 
about the Z-axis.. w, is the natural frequency which 
would occur if the machine were allowed to oscillate 
about the Z-axis but prevented from moving linearly 
along the X-axis. 

In a similar manner, two resonant frenquencies may 


be found in the Y-Z plane (see Fig. 8). They are 
om | w? tf pet ae ae pee Es ee wr ] 
ot? 
pe ae eee 
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where a 
ies k, 
we? = ae 
R.2 (kz cos? 8B + k, sin? B) 
Og = = a 


There remain two resonances, one for linear motion 
along the Y-axis,, w;, and another for angular motion 
about the Y-axis, ws. 

These are, 


ky 


k, Ry sin? 6 + k, R sin? B 
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Noise Mitigation in Substations 
BY E. A. BISHOP: 


Associate, A. I. E. E. 


T is the intention of this paper to deal with the noise 
encountered in several types of substations and the 
methods employed to reduce or eliminate the noise. 

The following classes of substations will be considered 
in the order named: 230-volt direct current located in a 
downtown district; 600-volt direct current for traction 
service; 1,500-volt direct current for electrified suburban 
service and a-c. remote-controlled distribution sub- 
station. 

Since the problem of noise due to converters is com- 
mon to three of the types of substations mentioned it 
may be well to discuss it first. The noise emanating 
from converters is due to the following causes: d-c. 
commutation, windage, magnetic noises, a-c. brushes on 
slip rings, and vibration of the building housing the 
equipment. Commutation noise has two elements, 
(1) caused by brushes riding on the commutator bars, 
and is of a mild scraping nature, and (2) caused by the 
commutator slots passing under the brushes. With a 
commutator in good condition, the latter noise is not 
troublesome, but high mica or commutator bars causes 
a chattering noise which is rather objectionable. Wind- 
age depending upon the speed of the machine can be 
anything from a gentle murmur to a very high pitched 
and penetrating whistle. Magnetic noises are usually 
so low pitched that they are drowned out by the other 
noises present. Brushes on the slip rings contribute a 
rasping noise. 

Vibration in substation structures is rather unusual 
and occurs chiefly if the unit, for any reason, runs open 
phase. When it occurs it is very pronounced, not 
necessarily adjacent to the unit but at points very re- 
mote from the unit. For example, in a substation 
located in the sub-basement of an office building, the 
vibration due to open-phase operation has been very 
pronounced thirteen floors above, yet the operator in 
charge was not aware of anything wrong. The noise 
encountered in any unit is in direct relation to the speed 
and frequency of the unit. For example, the slow-speed 
25-cycle units were very seldom the cause of any serious 
complaints but with the advent of the higher speed 60- 
cycle units the complaints began to multiply very 
rapidly. 

The first measure employed to reduce the noise com- 
ing from the 60-cycle units was to have the manufac- 
turers provide as a part of the unit a semi-enclosure 
consisting of a sheet metal housing, with wire glass 
doors and windows, enveloping the d-c. end of the 
converter. Whenever any attempt is made to enclose 
a converter, a secondary problem of ventilation is im- 


1. Field Engineer, Commonwealth Edison Co., Chicago, Ill. 
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mediately manifest. In fact, the two problems go 
hand in hand right through the entire consideration. 
Therefore, when considering noise mitigation it is neces- 
sary to consider ventilation. In the case of the semi- 
enclosures, the ventilation of the converters was accom- 
plished by leaving an.opening in the front end of the 
housing approximately the same size as the opening in- 
side the commutator. Cool air was then drawn into 
the armature through the commutator; passed through 
the ventilating slots of the armature core and windings 
and discharged through a chimney on top of the enclo- 
sure. The chimney in some cases was connected by 
means of a duct to a point outside the substation. -In 
others it simply discharged in the converter room. The 
semi-enclosures were first applied to lighting converters 
and made. quite a reduction in noise. They were not 
quite satisfactory from a standpoint of either ventilation 
or accessibility for maintenance work around the 
commutator. 

Three 600-volt railway converters with semi-enclo- 
sures were ordered, but when they were installed the 
enclosures were omitted as the hazard due to commuta- 
tor flashover was great and it was not deemed advisable 
to take the risk. One of the units was installed in a new 
substation in an apartment district. As a result of 
serious complaints from neighbors the semi-enclosure 
was installed. It was felt that the noise reduction was 
not sufficient so a total enclosure consisting of one-half 
inch thick transite supported on a structural steel 
framework was installed. The inside of this enclosure 
was lined with one inch thick asbestos hair felt. A 
baffled chimney on top of the housing permitted the 
air to be discharged and deadened a large part of the 
noise. 

From a noise reduction view point the total enclosure 
was rather successful since it eliminated the complaints, 
but the problem of heating was quite serious. For- 
tunately the layout was such that a blower to force air 
through the housing could be installed with slight 
expense. A new problem then presented itself. When 
flashovers occurred small particles of hot copper or 
carbon were discharged into hair felt lining. This ma- 
terial did not burnreadily but would continue to smolder 
due.to the draft of air, making it necessary to use a fire 
extinguisher. This was overcome by again lining inside 
the hair felt with one-eighth inch porous asbestos paper. 
The thin asbestos could not be applied to the baffles in 
the chimney so the baffles were omitted. Although the 
relatively poorer noise absorbing quality of the thin 
asbestos slightly decreased the over-all noise reduction, 
the net result was satisfactory. 


The general outcome of the above was the develop- 
ment of the total enclosure. It was designed along two 
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general lines by the two principal manufacturers. The 
first consisted simply of a cubical shaped housing com- 
pletely enveloping the entire converter, the dimensions 
being such that the sides were a few inches clear of the 
machine bedplate at all points. A partition at the main 
field yoke divided the housing into two sections. For 
ventilation the air is admitted at the d-c. side of the unit 
through openings in the foundation. The air flows up 
past the commutator and d-c. brush rigging, into main 
and booster armatures, past the a-c. rings and brushes, 
and is discharged through a chimney located in the top 
on the a-c. side. A duct connects the chimney to the 
outside air. A blower is required either on the intake 
or discharge side to circulate the air. 

The second design, while completely enveloping the 
converter conforms to the general shape of the unit, 
that is rounded off at the top. The method of ventila- 
tion is identical with the first design. The advantages 
of the total enclosure are: (1) better noise reduction, 
(2) better ventilation of the equipment, and (8) suf- 
ficient space available for maintenance and minor 
repairs. The disadvantages are: (1) complete dis- 
assembly for major repairs and (2) added cost due to 
elaborate ventilation facilities which are required. 

In a recent installation the problem of noise being 
communicated to adjacent parts of a large downtown 
building had to be solved. In this case the situation 
was very critical. The least amount of noise or vibra- 
tion would be very annoying to a large theater located 
immediately over the substation space. The following 
measures were taken to provide a quiet installation. The 
converters and transformers were supported on a cork 
insulated foundation to isolate vibration from the re- 
mainder of the structure. The blowers and motors were 
likewise mounted on cork foundations. The connection 
to the air exhaust ducts was made with a canvas joint. 
The main d-c. terminal connections were made using 
flexible laminated copper strips. To further eliminate 
the possibility of vibration being communicated along 
the main copper connections and in turn through the 
supports to the building steel, several flexible joints were 
made in these long runs. The converters of course, 
were completely housed. The results of the installation 
have been very satisfactory inevery way. The installa- 
tion has been in service two years and so far no com- 
plaints have been received. 

In another recent installation, on company owned 
property, where cork insulated foundations were found 
to be impracticable, a one-inch space was left between 
the substation and the adjacent building. This space 
was filled with ground cork with a suitable binder. The 
principal purpose of this filler was not for its insulation 
value, as the air space would serve this purpose very 


well, but rather to prevent an accumulation of solid 


material such as brick bats, which would form a solid 
means of communicating vibration to the adjacent 
building. 
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At the present time, there is under consideration the 
problem of noise mitigation in 1,500-volt traction sub- 
stations. The units installed consist of two 750-volt 
machines having their commutators connected in series. 
They have a speed of 600 r. p.m. and give rise to an 
extremely high-pitched penetrating noise. The noise 
consists principally of two elements, one due to com- 
mutators and the other to windage. The air emerging 
from the armature radial ventilating slots impinges on 
the field pole tips and is alternately cut off and allowed 
to flow freely as it passes the field poles. The resultant 
whistle is responsible for an objectionable portion of the 
noise. The manufacturer has designed a new form of 
pole tip which has its edges gradually rounded off thus 
eliminating the sudden cutoff of air. He claims that a 
very appreciable reduction in noise can be obtained by 
substituting the new pole tips. There isnoauthentic data 
on the amount of noise reduction obtainable by use of 
the new pole tips. This company has at present in 
operation slow-speed 230-volt converters equipped with 
both types of pole pieces and comparative tests are 
under way to determine the relative merits of the two 
types. Unfortunately these tests will not be concluded 
in time to include the results in this paper. ' 


The alternate scheme for mitigating the noise is to 
totally enclose the two units with the resultant hazards 
of 1,500-volt flashovers and the cost of providing ven- 
tilating facilities in substations not readily adaptable to 
this type of ventilation. Other methods, such as noise 
absorbing walls surrounding the converters, have been 
tried but they have not proved successful. 


Before leaving converting equipment it should be 
stated that from a noise mitigating standpoint, the 
mercury arc rectifier is the most satisfactory device so 
far developed. Its operation is silent except the hum 
in the transformer and the noise of the rotary vacuum 
pump. The latter device has. been much improved 
since the original installations and is now satisfactory. 


In a-c. distribution substations, the character of the 
noise produced is entirely different, consisting chiefly of 
120-cycle hum inherent in transformers and induction 
regulators. The latter also produces a noise due to 
operation of the regulator motor control equipment. 
The noise in a-c. substations while not nearly as intense 


as in d-c. substations is considerably above the noise ~ 


level of their neighborhoods especially in residence dis- 
tricts. In one substation, this noise was found to be 
transmitted through building steel to the outside walls 
and thence through to an adjoining apartment house. 
This difficulty was overcome by placing cork under the 
transformers and regulators, and replacing the rigid 
terminal connections with flexible ones. 


Transformers installed outdoors for a remote-con- 
trolled substation have also been the cause of serious 
complaints. The transformers are, as a rule, installed 
in an open court adjacent to the building which houses 


the switching equipment and regulators. 
_ side of the court usually consist of brick walls with small 


- machines. 
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openings for ventilation. The third side is a wire mesh 
screen containing the gate for admitting apparatus. 
The noise is confined to the court by placing sound ab- 
: sorbing felt over the wire mesh screen and by construct- 
ing a roof consisting of sheet metal arc-shaped sections 
having the under side covered with sound absorbing felt. 


These sections are arranged with respect to each other 


so as to baffle the sound waves and at the same time 
permit free passage of air. 

iin summarizing the situation at least as far as rotating 
equipment is concerned very little has been accom- 
plished toward reducing the noise inherent in the 
: Practically all efforts up to the present time 
have been toward confining the noise to the equip- 
ment and involved with it is the serious problem of 
ventilation. 


Discussion 
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average. The effect of rounding the pole face, that is, of in- 
creasing the ratio of maximum to minimum gap is clearly shown. 

E. J. Abbott: The availability of noise meters as portable 
and convenient as those described should greatly encourage 
the use of sound measurements of machinery noises. The 
desirability of having such apparatus can be especially appre- 
ciated by those who. have transported bulky laboratory analyzers 
and amplifiers for field measurements. 

Experience at the University of Michigan indicates that one 
or two weighting curves is hardly sufficient for the range of 
sounds likely to be encountered. We have measured noises 
from electric refrigerators in the neighborhood of 25 db. above 
the 1,000-cyele threshold, and also noises from large reduction- 
gear units which were from 90 to 100 db. above the 1,000-cycle . 
threshold. Enormously different weighting circuits are re- 
quired in such eases. 

Even with convenient and accurate apparatus for measuring 
the magnitude of sound at a given point in space, the problem 
of rating machines for noise in terms of meter measurements 
is far from being solved. One would naturally assume that 
good comparative measurements on a group of similar machines 
could be obtained by placing the microphone at the same 
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The causes of these large variations in sound from point to 
point and from instant to instant lie not only in the familiar 
acoustie standing wave patterns due to sound reflection from 
neighboring objects, which are troublesome enough; but also 
in the nature of the source itself, which is usually even more 
important. Machinery does not seem to vibrate as a whole at 
audio frequencies, but breaks up into a large number of small 
areas vibrating with different phases and magnitudes. Hach of 
these radiates its own set of sound waves, the largest of which 
by no means come from the region nearest the original source 
of the noise. Insignificant variations in design, materials, 
construction, speed, load or other causes may entirely shift 
these patterns on the machine without greatly changing their 
average value. Hence the inconsistent readings obtained with 
a given microphone position on different machines. 


The difficulties listed above can usually be overcome if time 
and conditions permit the averaging of a large number of read- 
ings. At the University we have had considerable success in 
obtaining such averages rapidly by installing the machine to 
be measured in a very reverberant room. A large moving 
metallic reflector serves to shift the sound energy continually, 
and by moving the microphone and using a slow-acting indicator 
meter to average-out short time variations in the intensity at 
the microphone it has been possible to obtain very satisfactory 
total noise measurements and frequency analyses. 


Obviously this method is not applicable for impulsive noises, 
and in many practical cases it is not feasible to remove the 
machine to be measured to the laboratory. The frequency of 
the noise from most machines cannot be ‘‘warbled”’ several times 
a second to obtain an average, and the possibilities of moving 
the microphone often are limited if measurements must be made 
close to an irregular-shaped machine in order to reduce the 
effect of extraneous noise. In consideration of these practical 
aspects of sound measurement it appears that considerable 
remains to be done before machine noise measurement is on a 
production basis. 

H. D. Taylor: Messrs. Graham, Beckwith, and Milliken 
have described a theory to account for tooth-frequency noise 
which is very similar to one developed by some of my associates 
and confirmed by several years’ experience in designing and 
testing low-speed synchronous machines. Continual progress 


has been made—and is still being made—on this problem. But, 


generally speaking, it seems well established that the noise is 
usually due to vibration of the stator at about tooth frequency, 
and that the vibration is caused by pulsation of the radial mag- 
netic pull of the field poles as they revolve past the stator slots 
and is independent of stator load current. Our experience con- 
firms the authors’ statement to the effect that the worst cases of 
noise are likely to be associated with pole and slot combinations 
giving a nearly but not quite integral number of slots per pole. 

With respect to frequency of the noise, our analysis indicated 
that it should be a multiple of twice the line voltage frequency,— 
2 fx (integer nearest to the number of slots per pole); and this 
rule was confirmed by a number of observations. The authors’ 
rule gives slightly different results. 

Supplementing the authors’ illustration of the production of 
tooth-frequency vibration and noise by pulsation of the magnetic 
pull of the poles in moving over one tooth-pitch (Fig. 3), I should 
like to call attention to the magnitude of the forces involved. 
At ordinary magnetic densities, the average radial pull is about 
25 lb. per square inch of pole face area,—which amounts to 
several hundred pounds per pole even for quite small pole pieces. 
Furthermore, for such design proportions as are illustrated in the 
authors’ Fig. 1, the amount of pulsation may be as high as. 20 
per cent—that is, 10 per cent above and below the average. 
Considering the fact that vibration amplitudes of only a few 
tenths of a mil at the frequencies in question will produce large 
volumes of noise, it is not surprising that such forces have been 
making themselves heard. 
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In order to avoid noise from this source, there would seem to 
be two general courses of action: (1) to make the stator con- 
struction rigid enough to eliminate these almost microscopic 
deformations; or (2) to eliminate the fluctuations in magnetic 
pull by suitable control of the design details. Our experience 
has indicated that the latter course is likely to be more successful. 
We have made tests which show conclusively that by proper 
proportioning, pole pieces of almost any dimensions can be 
designed for practically zero pulsation; also, that the noise usually 
disappears when such poles are substituted in noisy machines of 
the type described by the authors. 

We have observed a number of cases of other types of tooth- 
frequency noise in synchronous machines,—notably: ; 


(1) Cases involving poles having little or no pulsation, but 
with a decided tendency to have the flux, and pull, swing from 
side to side of the pole piece,—the number of slots per pole being 
an integral number plus one-half. 


(2) Cases intermediate between these and the type described 
by the authors, in which the flux-swinging action and the pulsa- 
tion effect are cumulative. 

(3) One case of tooth-frequeney noise which was almost 
entirely dependent on load current in the stator, and which 
seemed to be associated with the use of a very nearly but not quite 
integral number of stator slots per pole per phase. 


The first and second types responded to the same kind of 
treatment as I have described for simple pulsation; the load 
noise was eliminated by changing the number of stator slots. 


C. -E. Kilbourne: The paper by Messrs. Graham, Beck- 
with, and Milliken states that the stator is the chief source of 
the noise generating vibrations, but that the rotor may also 
contribute to the trouble. In a number of observations made on 
machines haying several types of rotors, cast laminated steel 
plate, circular disk centers with welded rims, and keyed rims with 
structural centers, I have never found a case where the noise could 
be traced directly to the rotor. An analysis of the noise frequency 
and the stator vibration frequency has shown them to coincide 
and a stethoscopie analysis of the stator itself has always, with 
the exception of localized resonant areas, yielded an increase in 
the volume of noise as the stator core was approached. I should 
like to ask the authors if in their experience they have found 
cases where the rotors did vibrate and how they assured them- 
selves that it was the rotors. The authors give some equations 
for the frequencies of rotor vibration and state that approximate 
resonant frequencies can be determined. I should like to ask if 
the approximations so obtained are close enough for actual use. 


The paper shows that the effect of the traveling waves of 
force on the stator is to produce an elliptical distortion of the 
frame. It states Timoshenko’s equation of such vibration as 
applied to a thin ring and uses the results to determine the 
natural frequency of the stator. This application is justifiable 
as a first approximation and gives good results for a small 
number of nodes; but as the number of nodes and consequently 
frequeney increases, some of the assumptions made in the de- 
duction of the equations, lead to results containing considerable 
error. 

Timoshenko’s equation is based on the assumption that the 
cross-sectional dimensions of the ring are small in comparison 
with the radius of its center line. A more general equation for 
the vibration of a homogeneous ring has been obtained by Mr. 
A. L. Ruiz as part of an investigation on stator vibration now in 
progress. This equation is limited only by the following assump- 
tions. 

1. A stator frame may be treated as a thick circular ring of 
uniform cross section. 

2. The cross section is made up of punchings, air, and 
structural parts. 

3. The neutral axis of the section passes through the center 
of gravity. 


ere are no damping or frictional leseent 
There are suspended masses at a distance from the center 
of gravity” which move with the section, adding to its kinetic 
nergy, but not adding to its stiffness. 
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This expression is unwieldy to handle though perfectly possible 
of solution. Numerical substitution for a given value of n will 
yield a cubic in 2, the smallest positive root of which is the desired 
result. 
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A number of approximations which approach Timoshenko’s 
assumption and eventually reduce to it, considerably simplify 
the labor of calculation. If we treat the motion as being inex- 
tensional eae e = 0, the result is: 
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If the dead weights are also neglected there is: 


} EI rn 


ies (n2 — 1)? + pa (n? + 1) | wo? — (n? — 1)? =0 
a 


(8) 
And finally if rotary inertia is neglected the solution becomes 
Timoshenko’s equation: 


pa(n? +1) w&% — ——— (n? — 1)? =0 (9) 
Details of the solution are not given here as it is hoped that 


when the investigation is complete there will be sufficient useful 
information to make publication of the whole advisable. 
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FREQUENCIES 


In our study of the phenomena a number of commercial stator 
frames complete but without coils were set up in a laboratory 
and vibrated by means of a magnet excited from a variable fre- 
quency source. Applied frequency was varied from 50 to nearly 
1,000 cycles and whenever a resonant point was detected a 
detailed study of the frame was made. Withresonant frequencies 
applied a stethoscopic examination of the punchings, side plates, 
and wrapper plate showed that the frame was vibrating as a 
whole, and the nodes were thus located more accurately than 
they could have been by hand. Amplitude-frequency curves 
taken at these points showed the nature and range of the resonant 
condition. In all cases the lower numbers of nodes were located 
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as if the frame were a true ring, thereby justifying the first two 
assumptions. As the frequency was increased the effect of the 
feet beeame more pronounced and a shifting of the nodes from 
symmetrical positions resulted. 

Results obtained on a frame used for about 200-hp., 300 r. p. m. 
motors are shown in a number of figures. Fig. 2 shows the loca- 
tion of nodes for six-node vibrations. The results of amplitude 


frequency measurements for the 4- and 6-node vibrations are — 


shown in Table I and the latter plotted in Fig. 3. The general 
shapes of these curves check well with similar results obtained 
by the authors of the paper. A plot of resonant frequencies 
against number of nodes was made and compared with the 
theoretical results obtained from equations (8), (6), (7), (8) and 
(9). This is shown in Fig. 4. It will be noted that as the ap- 
proximation approaches the true equation, the error decreases. 
Therefore, it is logical to expect that the use of equation (9) will 
generally lead to considerable error. 


TABLE I—RESONANCE CURVES 


eee 
Vibration ampli- Vibration ampli- 
tude corrected to tude corrected to 
constant force constant force 
Six-node 


Four-node 1 1 
frequency Inch frequency == Inch 

cycles/sec. reo cycles Na) 
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5 AGS Sora sept cisco TAB Secteur ties tee 379.5 ....0.580 
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In conelusion, I wish to express my belief that frame resonance 
is an important contributor to synchronous machine noise, and 


that the authors have made a valuable addition to our knowledge ~ 


of the noise problem. 


NOMENCLATURE 


= radius of neutral axis of ring. 

= angular coordinate of any point P on the neutral axis. 
= normal displacement of p, positive inwards. 

= tangential displacement of P. 


= slope of deformed curve when the frame is in vibration 
(shear neglected). 


Sis SS Ecos) 
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= extension of the neutral axis. 

= time. 

= mass of ring and added weight per unit length of are of 

neutral axis. 

area moment of inertia of ring section. 

= mass moment of inertia of unit cross section of ring and 
added mass, about the center of gravity of the ring 
section. 

= moment of mass per unit length of added mass about 

center of gravity. 

= total kinetic energy of vibration. 

= total potential energy of deformation. 

= Youngs modulus. 

= modulus of rigidity. 

cross-sectional area of ring section. 

= shear factor for cross section. 

=k' AG 

bending moment at P. 

= shear at P. 

= tension along neutral axis at P. 
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J. A. Jackson: It seems to me that we are not going to 
completely solve our noise troubles in buildings until there is a 
much closer cooperation between the electrical industry and the 
architects and consulting engineers. There has been a strong 
tendency within the last few years to reduce the cost of buildings, 
the result being to make them much lighter and with much 
thinner walls, floors, and ceilings. Little attention seems to be 
paid to the fact that this makes them vibrate more readily and 
act as sounding boards. Therefore, the problem of preventing 
objectionable noises in inhabited space is a more difficult one. 
This fact does not seem to be fully recognized by many of those 
in the architectural and building engineering professions, with 
the result that when a noise complaint does arise the machinery 
manufacturer is asked and expected to bear all expense for 
curing the trouble. I think it is generally agreed that rotating 
electrical machinery and, for that matter, most other rotating 
machinery cannot be made absolutely noiseless without incurring 
a prohibitive cost and being unduly large and, that all manu- 
facturers are now doing a good job in making their equipment 
as quiet as is commercially possible. 


It is the duty of the architects and engineers to so design and 
acoustically treat their buildings so that such noises as do re- 
main in the electric] machinery will not become objectionable. 
Electrical engineers should do all they can in the necessary 
cooperative and educational work with the architects and 
building engineers to bring about this much desired. condition. 


P. E. Stevens: Vibration and noise have always existed in 
power plants, but with the adoption of the lighter forms of 
switehboard manufactured of steel, these have come to have a 
more than unpleasant significance. We have had in one case 
a false operation of arelay which dumped a load of some 2,000 kw. 
Another instance may be cited in which the false operation of 
the relay dumped a load of 120,000 kw. ‘The false operation of 
the relay was caused by vibration in the panel of the switch- 
board. The vibration.in the building was not of such a magni- 
tude as to cause any complaint. It was just the ordinary 
vibration which is common in the modern power plant. Drastic 
steps were taken to remedy these conditions. In one case the 
relays were moved to an entirely different switchboard. In 
another case, they were set up first to twice the gap and later to 
four times the gap at which they were designed to operate. 


The false operation of relays is not the only difficulty which 
attends vibration in a switchboard. The graph drawing instru- 
ment and the integrating instruments suffer inaccuracies in 
their measurement and require frequent attention to keep them 
in operating condition. In some cases jewel bearings have 
been injured and broken. Our organization felt that this was a 
matter which called for a rather thorough investigation, the 
purpose of which should be to determine the source of vibration 
and the mode of propagation from the source to the switchboard; 
and if possible the magnitude of vibration under which instru- 
ments would operate successfully. In order to make the study 
as broad as possible we invited and secured the cooperation of 
Sargent and Lundy of Chicago. A group of five men was 
organized into a surveying committee. In ten stations visited 
measurements were taken of vibration of noise; tests of fre- 
quencies; and a very searching examination for minute vibrations 
which are too small to register on the usual vibrometers. In 
one case, records were also taken with a vibrograph. There 
were probably over five thousand observations, which have yet 
to be assembled in proper form for determining the parallels 
and divergencies in the various indications. 

Definite measurements indicate that noise is accountable in 
certain cases for at least a part of the vibrations in switech- 
boards and sometimes in much heavier structures. It is, there- 
fore, necessary that a measuring instrument which is to be 
fully useful in surveying the effects of noise in a power plant, 
should not only measure the effect upon the human ear or the 
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auditory effect, but should also be prepared to measure its 
probable vibration effect on the physical elements of the plant. 

It is a well-known fact that a resonant condition will greatly 
magnify any impressed vibration. In the study of one of our 
plants we found three conditions in our switchboards; when the 
board was first delivered the blank panels had a vibration fre- 
quency of approximately 26 cycles per second. This is below 
the frequency of the vibrations impressed by the machine which 
operated at 1,800 r.p.m. or 30 cycles per second, but is too close 
to this frequency for a satisfactory quieting of the vibrations. 
The board was found to vibrate violently in certain places but 
no measurements were made. The manufacturer suggested the 
addition of certain stiffeners. These were applied and this 
condition changed the vibration period of the panels to some- 
what over 40 per second. This is sufficiently above the fre- 
quency of the machine so that a rather small vibration might 
have been expected except for the fact that many of the panels 
are loaded with equipment which tends to lower their frequency. 
This is the purpose of the panel, that is, to support equipment. 
Further study of the natural frequency of the panel revealed 
the fact that the relays which had suffered most from the vibra- 
tion were almost exactly the correct weight to bring the frequency 
down from somewhat over 40 to 30 per second, or in perfect 
resonance with the frequency of the impressed vibration from 
the turbine. 

The relative magnitude of some of these vibrations is shown 
in the following figures. In one of the plants the turbo generator 
had a maximum transverse vibration of 1.4 mills (thousandths 
of an inch). In general the floor of the operating room had 
smaller vibrations than this, or a maximum transverse vibration 
of one mill. The floor immediately around the switchboard 
and on which the switchboard rested had a maximum transverse 
vibration, that is to say, a vibration normal to the plane of the 
panels of the board of 6.4 mills. The switchboard relay panels 
had a maximum vibration of 20.0 mills at the point before 
mentioned as being in resonance. 

Trouble is also experienced with the vibration of the modern 
type of steel office furniture. A desk on the floor of the room 
in which the vertical vibration is 0.4 mills was found to have a 
vibration at the point where the chief operator was expected to 
write of 4.5 mills. This was rather a poor place on which to 
write but the effect on the telephone was even worse. It broke 
up the speaker’s voice into a series of beats which were absolutely 
unintelligible to the listener at the other end of the wire. It is 
suspected that some of this vibration might be due to air borne 
waves or noise. The human ear does not appreciate air borne 
waves of low frequency although many can hear distinct sound 
vibrations as low as 28 per second. There is no reason to believe 
that because these low-frequency atmospheric vibrations are 
not heard that they may not be present and may not influence 
structures which may be in resonance with their frequency. 
At one station measurements were made on the switchboard in 
the operating room, following which the doors between the 
operating room and the turbine room were opened. An in~ 
crease in the sound readings taken with a Western Electric 3-A 
audiometer was 30 per cent. The increase in the amplitude of 
vibrations of the panels was approximately 20 per cent. 

Noise conditions present a practical problem calling for 
immediate and perhaps drastic steps to overcome the conditions 
which have arisen from the step-by-step reduction in weights 
of mechanical equipment and structures. The manufacturers 
are not being accused of skimping their work but the reduction 
of weights is a natural evolution brought about by the necessity 
for less weight per kilowatt if machines of the vast magnitude of 
today are to be manufactured. 

Designers of power plants, engineers, and designers of ma- 
chinery and equipment should assemble into an organized body 
which will attack this problem and correlate the point of view 
of the two interests involved. 
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E. H. Hull and W. C. Stewart: Mr. P. E. Stevens in his 
discussion describes the excessive vibration of a switchboard 
panel due to forces transmitted to it both through the air and 
through the foundations. Such vibration can be limited by the 
proper use of an elastic mounting. Fig. 2 of the paper shows 
the transmissibility € as a function of the ratio of the disturbing 
frequency to the natural frequency of a mounting. € may be 
either the ratio of the force transmitted to the foundation to 
the disturbing force or the ratio of the amplitude of an elastically 
mounted body to that of a vibrating foundation.* 

The latter case, of course, applies to the mounting of a switch- 
board panel to isolate it from foundation vibration. The 
switchboard, as originally installed, had a natural frequency of 
26 eycles, which presumably was due to elasticity in the mounting 
of the panel. This gives a frequency ratio of 1.15. Referring 
to eurve marked 6b = 0.5 in Fig. 2 of the paper, this ratio gives 
€ =1.8. The panel was then stiffened until the natural fre- 
quency reached 40 eyeles. This gives a frequency ratio of 0.75 
and again € = 1.8. Therefore, the motion of the panel would 
be exactly the same after stiffening as it was originally. Further 
stiffening would reduce the panel amplitude slightly until for 
an infinitely rigid mounting € = 1.0 or the panel has the same 
amplitude as the floor. 

Thus no amount of stiffening could reduce the panel ampli- 
tude below that of the foundation. On the other hand, by 
decreasing the mounting stiffness and lowering the natural 
frequency to 10 eycles, the frequency ratio would be 3.0 and € 
would be reduced to 0.24. This means that the panel amplitude 
would be about 14 of that of the foundation. 

If the panel vibration is due to air borne forces alone, a very 
rigid mounting would be desirable, providing that resonance 
occurred somewhat above the disturbing frequency, as the 
motion of the panel would be zero for infinite stiffness. In the 
ease of large air forces, where the foundation vibration is negligi- 
ble, relays and instruments may be supported elastically from 
the panel, as the air force on them would be small due to the 
small area. If still better isolation is desired, the instruments 
could be elastically supported within cabinets fastened to the 
panel. The elastic support would isolate the vibration of the 


*See ‘Influence of Damping in the Elastic Mounting of Vibrating 
Machines,’ by E H. Hull presented at the Applied Mechanics Meeting 
of the A. 8, M. E., Purdue University, June 16, 1931 
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board from the instruments and the cabinet would protect them 
from air forces. 

Sterling Beckwith: The rule for frequency of the stator 
vibrations given by Mr. H. D. Taylor is the same as the rule 
developed in the paper, but has been further simplified. This 
simplified rule is: vibration frequency = twice line frequency 
[integer nearest to the number of slots per pole]. 

Fig. 1 of the discussion by Mr. R. E. Pumphrey is very valu- 
able, although one must not regard it as indicating a ‘‘cure-all”’ 
for any type of machine, as the ratio of maximum gap to mini- 
mum gap, and the number of slots per pole usually cannot be 
varied to reduce per cent pulsation without undesirably affecting 
other machine characteristics such as load loss, pole-face loss, 
machine size, core loss, telephone interference factor, ete. 

Noise due to resonant vibration of parts of the rotor has been 
identified only by ‘‘cireumstantial evidence” as it is exceedingly 
difficult to measure actual vibration of a rotating structure when 
vibration amplitudes are only a few mils or less. The cireum- 
stantial evidence may be listed as follows: 

1. Changing spider construction on a line of machines built 
of the same parts has been found to affect probability of certain 
types of noise in the machines. 

2. Six slots per pole has been found to cure tooth frequency 
noise on a certain size machine with a six-arm spider, which 
machine is noisy with four and a half slots per pole; whereas, on 
a similar, but slightly smaller machine with a four-arm spider, 
six slots per pole was noisy and four and a half slots per pole was 
quiet. The formulas for rotor resonance given in the paper 
indicated that the above results could have been anticipated. 

3. Where tooth-frequency noise has been due to the stator, 
the vibration has been easily detected, so that when similar 
machines are noisy without any type of stator vibration of a 
comparable order of magnitude, the rotor must be the source of 
the trouble. 

The work of A. L. Ruiz in obtaining an exact mathematical 
solution for resonance frequency of different modes of stator 
vibration is very valuable. The graphical summary in Fig. 4 
shows at a glance both the relative error in the simple formula 
and the accuracy of the complete formula. It is hoped that the 
possibility of publishing the details of Mr. Ruiz’ work and the 
results of the complete investigation of which this work is a part 
will become a reality in the near future. 
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applied in design. 
remarkably complete and easily read story of the life and — 


I. INTRODUCTION 
T: is the purpose of this paper to show how the various 


measurements on lines, and how the results can be 
Oscillograms of traveling waves give a 


characteristics of the lightning which produces them. For 
example, such oscillograms give data from which the 
height, the time of discharge, the current and the volt- 


_ age of the clouds producing them can be estimated. 


Induced voltages on any given transmission line can be 
found from these data. Direct stroke and induced 


voltages can be determined from direct-stroke currents, 
ete. 


Many measurements have been made during the 
past five years on the lines of the Pennsylvania Power & 


Light Company, the American Gas & Electric Company 


and elsewhere. 

In making the analytical study, curves are plotted 
showing how voltage, time, and current are numeri- 
cally interrelated over a wide range, for compari- 
son with measured values from which the actual 


limits must be finally determined. Lightning measure- 


ments are very difficult; many are known to be 
accurate, while others are still uncertain. It is not 


possible, for instance, to fix the range of direct-stroke 


current until further measurements are available. 


Although some numerical values will probably be 
modified and their relative importance changed, as the 
reliability of field measurements is improved, the | 


methods of analysis will remain unchanged and valuable 
in interpreting and utilizing data. This study should 
also point the way for future experiments. To avoid 
confusion, the derivation of the mathematical equations 


has been confined to the appendix or references in the 


Bibliography. Some actual desens are made for pur- 
pose of illustration. 


VOLTAGES ON LINES AND METHODS OF 
CONTROLLING THEM 


I aneed Voltages. Since voltages on lines are caused 
by induction or direct strokes, it is of practical impor- 


tance to be able to estimate the numerical value of these 
When voltages 


ve cages for different tower per 


od A E. Eas 


characteristics of lightning can be obtained from 


ip Lightning — 
Characteristics of Lightning—Induced Voltages—Direct 


‘Strokes—Coordination—Transmission Line Design 
: | BY F. W. PEEK, Jr.* 
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Where V is the voltage above ground, g is the gradient 
in volts per foot established by fairly good measure- 
ments to be about 100,000. a is a factor depending 
upon the time of cloud discharge and distribution of 
bound charge and is always less than unity. Values of 
a calculated from the rate of cloud discharge and used 
in former calculations are given in Fig. 1. The ex- 
ponential rate of cloud discharge used in these curves 
probably more nearly represents actual conditions than 
any other. a is the factor for the induced voltage 
during the forming period at the origin, while a’ is for 
the resulting free traveling wave.‘ In order to use 
these curves to determine a, and thus the induced 
voltages possible or probable, it is necessary to have 
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Fic. 1—a ror InpucED VouTaGcus (HXPONENTIAL DiscHarGr) 
measured values of the time of the cloud discharge. 
As already mentioned, cathode-ray oscillograms of 
traveling waves of induced lightning voltages taken 
reasonably near the source of the disturbance, and not 
badly distorted by sparkover, losses or reflections give 
practically the complete life history and charact . 
of the stroke. In fact, ened tim 
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seconds or 4,000 ft., while the height of the cloud is 


4,000 


ae tare 2,000 ft. 


When the waves become distorted the front is not of 
value in obtaining information on the cloud height or 
length of bound charge since the values are too high. 
The lengthened tail would indicate a longer time than 
actually obtained. However, an approximation of the 
time of discharge is twice the time from crest to half 
voltage on the tail. Only the first loop is of interest 
for this purpose. A wave often persists for a number 
of loops due to reflections, etc. The complete wave 
is important from the standpoint of internal stresses in 
apparatus. The total length of a direct-stroke wave, 
if not completely chopped by an insulator sparkover, 
would indicate the time of discharge. 

Measurements of a large number of oscillograms of 
lightning voltages obtained in Pennsylvania and Ohio 
are given in Table I and plotted in Fig. 2. This curve 
includes all voltage oscillograms not causing line spark- 
over. The majority of the waves in Fig. 2 are of (+) 
polarity and probably induced. A bound charge vary- 
ing from one to several thousand feet in length and a 
cloud height varying from 500 to several thousand feet 
are indicated. The voltage of the lightning bolt can be 
estimated by multiplying the height by the cloud in 
feet by 100,000 the gradient. This gives 150,000,000 
for a 1,500-ft. cloud. While great accuracy is not 
claimed, these data give the best available information 
on the time of cloud discharge. The time for the volt- 
ages to reach maximum on a short antenna is also a 
measure of the time of cloud discharge. Very little 
data are available from this source, but ten readings 
give a cloud discharge time of less than 5 microseconds. 
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Fig. 2—Merasurep Time or Croup DiscHarGeE 


All 1929 Pennsylvania and Ohio oscillograms equal to or over 100 kv. 
and not coincident with trip-out 


It is important to establish the time of discharge accurately 
by field tests. 


Using these measured values of time, values of a 
varying from 0.1 tomorethan 0.4 areindicated from Figs. 
land 2. These values of a substituted in equation (1) 
give induced voltages as high as 2,000,000 for storms 
over the usual line. See Figs. 2 and 6. Current cor- 
responding to a can be found in Fig. 3. 


The voltage of the free traveling wave is lower than 
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the voltage during the forming period by the ratio of 


/ 


Traveling waves are also rapidly reduced by 


attenuation. The voltages in Table I, measured at a 
considerable distance from the disturbance are there- 
fore much lower than at the source. Since the object 
of Fig. 2 was to determine the time of cloud discharge, 
low-voltage values not causing sparkovers and as free 
as possible from distortion were purposely selected. 
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Fie. 3—VARIATION OF a wiTH LIGHTNING CURRENTS AND 
TIME oF CLoup DISCHARGE FOR DIFFERENT CLouD HEIGHTS 


(Based upon point cloud and linear rate of cloud discharge) 


When the time and manner of the discharge is fixed the 
current is also fixed. In this study two types of dis- 
charge, exponential and linear, approximately repre- 
senting respectively the maximum and minimum 
current range, are used. An. example is of interest. 
Assume a cloud 1,000 ft. high and a 10 microsecond 
time of discharge. For exponential discharge, a from 
Fig. 1 is 0.28. The corresponding induced voltage on a 
line 50 ft. high is 1,400 kv. See Fig. 6. The current 
corresponding to a from Fig. 3 is about 400,000 amperes. 
The current requirements are thus quite large and con- 
firmation by actual current measurements is necessary 
before final conclusions are drawn. In this connection, 
the fusing effects of high currents for short times shown 
in Fig. 14 are of interest. See Section III. For a 10 
microsecond linear discharge, a from Fig. 3 is 0.10, and 
the corresponding current value is 170,000 amperes. 
For a given current, the induced voltages for both types 
of discharge are the same but the time for the linear 
discharge is one-third that of the exponential. 

The range of @ can be arrived at by starting from 
direct-stroke current measurements instead of time. 
In fact, certain direct stroke and induced voltage rela- 
tions are interdependent and one cannot be changed 
without consideration of the other. An instrument 
which records only when the current is considerably 
above the maximum value possible by induced voltages, 
was developed to differentiate between induced and 
direct-stroke currents in towers. As the readings are 
proportional to the current in the tower, the use of the 
instrument has been extended to current measure- 
ments.” While readings as high as several hundred 
thousand amperes are indicated, further calibration is 
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TABLE I—MEASURED TIME OF CLOUD DISCHARGE 


American Gas & Electric Company—1929 
Penn. Power & Light Company—1929 


(1) Waves not Coincident with Trip-out (See Fig. 2) 


Approximate per cent 
Measured time 


of cloud discharge Waves over a 
Y Oscillogram number bt sec. Voltage Polarity — 50 m sec. All waves (From Fig. 1) 
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that a value of a of 0.7 obtains when the time of cloud 

t direct Perdices ts cia ae boas ete Liat bta a discharge is equal to the time for a wave to travel from 

s ke urrent from a different source and made cloud toground. Thisshould be the maximum possible _ 
sly different manner indicates 160,000 value ofa. The actual maximum may be 0.45 or that — 


it 30 microseconds time of discharge.” 
00 meter clo 1d discharge, a is 0.10 from Hie es 
at corresponding to a = - 0.10 and H = 1,000 
is s 170, 000 opr a. a remarkabl \ Ce 
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charge for this particular case is 200 microseconds. 
The wide range of possibilities illustrated in Table II 
shows that it is unsafe to generalize from a special case. 


TABLE II—VARIATION OF INDUCED VOLTAGES WITH 
DIFFERENT ASSUMPTIONS AS TO CLOUD HEIGHT 
AND LIGHTNING CURRENT 


LINEAR DISCHARGE 
Line 50 ft. High 
(No Ground Wires) 


Approximate 
Lightning Induced time of 
Cloud current voltages discharge 
height amperes a kv. psec. 
feet (assumed) (calculated) (calc.) (cale.) 
DOO SS mites 600,000....... ORZOU wees srt S¥GOGO)) ee hers: 0.5 
L000 Ws tlw 600.0000 ieee ie OBE ee andar TSS8O0s ites so es 3 
2000 sae ciierens 600;000); aren OL Saka aetna te 900 11 
BOO ie aietecnicee 200,000... oc sans 0.24 1,200. 2 
L000 Sonora 300/000. eeeier OTB aerators oe 900 6 
2, 000%, xccccmen S00 000 seerners ORO9F Reverso 450) staroiePat acevo 22. 
45,0005 come 200,000 soa: Rees D024 a vend scene P20 eet 200. 
Line 80 ft. high 
(No Ground Wires) 
SOOr ewe 110] 00] 0 pe 0.70 STOOL eee ORS 
WOOO meine 600; C00 steerer: 0.36 2880s aaioiecnuets 53 
OW Uber acter 600,000..5 222... 0.18 W440. wees val 
P0005 caer SOO}OOO may. OST aeration AAO cance oe 6. 
5000 wate oe 200,000 )2 sce. 6:6 O O24 Feta, LOO Ss canis. 200. 
ae pats 0.6 J 60 I 
a =o <2 ~ 1000H ° £gHt 
EXPONENTIAL DISCHARGE 
Line 50 ft. High 
5OO Petes 200;000 7. aeniecne OR 2552 Se ocr T250 aero 6. 
10 4 UR At Aa AAQOOO arr eraeists Oe orate scxare es 1,250 11 
PANUUE oan ae 8401000) eves ONZ5) Gewese. 1,250 21 
Line 80 ft. High 
SOO Saat 200; 000 eames ON2B) Rati, ceve ZOOO seis occe wis 6 
iL OOO ia; eon 410000 sitesi: Leeda eerie on 2 OOO Revsttars ever 11 
PAU esa cee a 840/000 sence OS25 Ee arhidant 2 OOO Bares. crs Gens 21 
SOOM oscars 905000) seca SH Pama 1, QOO hice 3c 12 
ROOO. oe eek 195,000.22 .045 1 SH Snes AGP Ie 1,000 22 
OOO eas 400; 000 ror ninc DE ike tertenite WOOO neswasoe «0 45 
H = cloud height in feet. 
I =current in amperes. 


g = volts per ft.—100,000. 
*Special case frequently cited (See Bibliography No. 5). 


Examples of induced voltage values based upon as- 
sumed currents are given in Table II for a 50-ft. and 
80-ft. conductor height (from Figs. 1 and 8). 


Equation (1) becomes 
V=ghaw (2) 


when the ground wire protective ratio factor w is added. 
Since 


g = 100,000 
V = 100,000haw 
= lightning voltage 


V 
h 


average conductor height in feet (in dry, sandy, 
or rocky country with high resistance grounds 
the effective h may be much higher than indi- 
dicated by the height of line) 

a = usually less than 0.5 

0.5 or less, depending upon ground wire ar- 
rangement. 


Ss 
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The polarity of the induced voltage is opposite to 
that of the cloud. 

A large variation of a and induced voltages is possible 
for the values of current and cloud height assumed. 
The lightning sparkover for a 230-kv. line with 14 sus- 
pension insulator units and the 14/5 wave is about 
1,950 kv.; the corresponding voltage for the 114/40 
wave is about 1,300 kv. The effects of the 14/5 labora- 
tory wave correspond to steep or short lightning waves; 
and the effects of the 114/40 laboratory wave to the less 
abrupt and longer lightning waves. It is believed that 
the 114/40 waves apply more generally to the lower 
voltages. Table II shows that under certain assump- 
tions induced voltages caused by nearby strokes to 
ground could exceed the line insulation strength and 
cause sparkover of high-voltage lines. It also shows 
that under other assumptions nearby strokes could 
occur without causing sparkover on such lines. This 


200 400 500 600 
CURRENT iN THOUSANDS OF AMPERES 


Fia. 4—Voxraces Inpucep on Lines 50 Fr. anp 80 Fr. Hien 
FOR VARIOUS LIGHTNING CURRENTS FROM A 1,000-F'r. CLoup 


seems to account for conflicting reports or observations 
on the magnitude of induced voltages caused by nearby 
lightning strokes. With ground wires the above volt- 
ages could be reduced to one-half or less. 

Table II and Fig. 4 indicate that a line insulated for 
230 kv. (14 to 16 units), and without ground wires, 
could have occasional sparkovers by induction; that it is 
unsafe to assume induced voltages negligible until more 
data are available; that the addition of ground wires 
should eliminate sparkovers caused by induction; that 
higher lines or lines of the same height but with less 
insulation should have sparkover unless special ground 
wire arrangements are made. 

A ground resistance of less than 50 ohms is desirable 
from the standpoint of induced voltages. For this 
resistance the ground wire efficiency is reduced in the 
order of 25 per cent. It is indicated later that resis- 
tances as low as 5 ohms might be desirable from the 
standpoint of direct strokes. 

Fig. 4 shows the induced voltages on lines 50 ft. and 
80 ft. high corresponding to various assumed lightning 


values of time of cloud discharge. 
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rrents from a cloud 1,000 ft. above ground. The 


-sparkover voltages for different line insulation for the 


4/5 and the 114/40 waves are also indicated. 
Fig. 5 shows the number of insulators necessary to 


a resist induced lightning voltages calculated for various 


currents from a cloud 1,000 ft. high. These curves 


show that the proportion of sparkovers due to induced 


voltages would be expected to increase rapidly as the 


_ line insulation is reduced below 14 units when the insula- 
tion strength is based upon the 14/5 wave. 
ficial effect of the ground wire is also shown. 


The bene- 


In Fig. 6 induced voltages are plotted for different 
». Fig. 6 is of especial 
interest because by comparing with Fig. 2 the possible 
voltages due to measured values of time of cloud dis- 
charge can be obtained. Based upon the measured 
time of discharge, a cloud 2,000 ft. high and a line 50 ft. 
high, 10 per cent of the discharges could induce a volt- 
age over 2,500 kv.; 20 per cent over 1,600 kv.; 40 per 
cent over 1,150 kv.; and 60 per cent over 800 kv. The 
data given in Table I were, in most cases, for waves 
originating a number of miles from the oscillograph. 
Due to distortion, the actual time is shorter than mea- 
sured. Most of the waves in Fig. 2 were (+) and 
probably induced. The voltages at the source were 
probably over twice the measured values. A similar © 
study was eae the front of waves. The data are 
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DIRECT STROKES 

Chance of Being Struck. The chance of a line being 
struck increases with increasing height of line. On a 
flat plane without projections, a tower may be hit when 
the distance from the projection of the storm center is 
less than four to ten times its height. This factor is 
based on the assumption that the nearest object will be 
hit and has been called the direct hit ratio, r.3°° Tests 


5 20 25 3% 35 
TIME OF CLOUD DISCHARGE 


Fig. 6—Vo.utaces Inpucep on Lines 50 Ft. anp 80 Fr. Hicu 
FOR DifrFERENT VALUES OF TIME oF CLOUD DISCHARGE 


made on models in the laboratory check this ratio. The 


higher the cloud compared to the line, the greater this 


factor. The ratio r for different cloud-tower ratios is 
given in Table III. 


TABLE III—DIRECT-HIT RATIO 


Cloud height A sare : 
Roqonhown oy a Direct-hit ratio 
ve 
BOL. Stes dors ates 10° 
AO reset tops dapanstegs snaiacedess iS) 
Ei Oeathogweo dewey 7.5 
ZO Re SAFARI 0 CCRC 6 
LO) Ss eying ie chee 4 


Danger zone when storm center is over a strip 2 ry ft. wide with tower 
as center. 

The direct-hit ratio r is approximate and corresponds to the ( — ) cloud. 
The danger zone is less with the ( +) cloud. This seems to be due to 
the fact that corona streamers from a ( +) point (tower) are of much 
greater length, and thus more directive than from a ( — ) point (tower). 
For a ( +) cloud the direct-hit ratio of four corresponds to an H/y ratio 
of about twenty. For ie eas tests see Bibliography reference 3, 
p. 289. 


An example of the use of Table III follows: 
With a ground wire or tower 50 ft. high and a cloud” 
1,000 ft. high 


ver and a 1,000- 
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When there are projections on the plane the chance 
of a given object being hit is very greatly reduced as 
shown in Fig. 7. Fig. 7a shows that a lightning stroke 
may begin to hit the tower when x and y become equal. 
Passing to Fig. 7b, a tree half the height of the tower and 
half way between it and p would take the strokes since 


a (b) (c) 
soNen ON HAZARD REDUCED HAZARD INCREASED 
PLANE SURFACE BY TREES BY HIGH SPOT 
Fie. 7—Licutnina Hazarps 


the distance z would then be shorter than the distances 
y and x. The direct-hit ratio is approximate since it 
also depends upon polarity. See note on Table III. 

It is thus apparent that trees of even moderate height, 
within several tower lengths of the line, very greatly 
reduce the danger zone and the chance of a direct stroke 
to the line. Furthermore, many lines are brought 
through a right-of-way with trees practically equal to 
the line height. The hazard of direct strokes to such 
lines should be very small. It isa good reason for a low 
tower since the hazard is reduced to a much greater 
extent than would be indicated by the direct reduction 
in height. This follows because the chance of being 


TABLE IV—PERCENTAGE OF LIGHTNING WAVES OF VARIOUS 
FRONTS MEASURED ON TRANSMISSION LINES 


Impulse ratio for break- 
down!® on rising front 


Measured Estimated of waves 


Per cent wave front at (Time from Column No. 3) 
of front origin Cloud 
waves (ws sec.) (uw sec.) height Insulators Gap 
PAU Ree re Seen tLe: PRES rs LU ein ae 500. 2.2 peat 
DS St orcdele Steels Dc. ona ae 4 TO eo Satie es 1,000 iets) per ee 
RH stterie ee ce tte eee 1 SY eRe eee ae 1,500 Bs veel 
GO Se cies ene. cS eelee: ere Pr cDicte scorns 2,000 1.6 easly) 
NO Pet pees 2 Geers Pete Agha TS eee a er 3,590 Lah eee ae i 6 


hit depends largely upon the relative heights of the line 
and secondary objects. It should be pointed out that 
a tree can direct a lightning stroke or ‘‘attract’’ light- 
ning as readily as a metal tower because the charging 
takes place with small currents over a relatively long 
time. It also follows that the chance of any particular 
tower being struck does not depend upon its footing 
resistance. The resulting voltage on the insulators 
following a hit does, however, depend almost directly 
on this resistance. 

Fig. 7c illustrates a line on a high point. If storms 
pass over such a point the hazard may be great. A 
consideration of the hazard of a line being struck em- 
phasizes the importance of a tower relatively low com- 
pared to trees, etc. 


Line Voltages Due to Direct Hits. Usually the tower 
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is more likely to be struck than the line. When a tower 
is struck the resulting voltage from line to tower or 
ground wire, or across the insulator string, is 

Vii = RTR (3) 
Where K is a constant depending upon the tower and 
ground wire configuration, J is the current in the tower, 
which will be less than the current in the stroke by the 
current in the ground wire, and R is the tower footing 
resistance; 0.80 may be taken as an average value of K 
for purpose of calculation.’ 

This formula shows the importance of keeping the 
tower footing. resistance very low if immunity from 
direct-stroke sparkovers is to be hoped for. It was 
shown above that a line with ground wires and 14 to 
16 insulator units should be free from sparkovers due to 
induced voltages. It is now of interest to test such a 
line from the standpoint of direct strokes to the tower. 


Assume J = 100,000 amperes in the tower 
K = 0.8and R = 40 ohms 
then V = 100,000 x 40 x 0.8 = 8,200,000 volts 


The resistance & measured by a megger or at low voltage 
will be somewhat greater than the high-voltage light- 
ning value. A heavy direct stroke with a 40-ohm tower 
footing resistance would thus cause a sparkover. Fur- 
thermore, it would be necessary to keep the footing re- 
sistance to about 20 ohms to prevent sparkover at 
100,000 amperes on a line insulated with 14 units. See 
Fig. 8. Thus: 
V = 100,000 X 20 X 0.8 = 1,600,000 volts 

If 400,000 amperes obtains in direct strokes a 5-ohm 
tower footing resistance would cause 1,600 kv. Since 
a given current is associated with a given time of dis- 
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Fig. 8—LicGuHTNINnG AND 60-CycLE SPARKOVER OF INSULATOR 


AND Point Gap 


charge, it is possible to estimate the current and thus 
possible direct-stroke voltages from the oscillograms 
discussed above. 

It is important to establish the actual range of direct- 
stroke currents by field measurements. For high currents 
a low resistance is necessary to make a line immune 
from outages due to direct hits at the tower. 

The maximum insulator voltage at the tower struck 
is limited by the footing resistance but the tail of the 
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wave is rapidly reduced by reflections on the ground 
wire from the towers on either side. This reduction 
begins when the wave on the ground wire has traveled to 
the other tower and back. For a 1,000-ft. span the 


2 X span 


1,000 for a 500-ft. 


time is = 2 microseconds; 
span itis 1 microsecond. The effect is that of applying 
a shorter wave across the insulators for the shorter span. 
The sparkover voltage is greater for the shorter waves. 


This is one advantage of the short span. Curves for 
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Fie. 9—CaxtcuLtaTED RELATION oF Sum oF ‘TOWER 
CuRRENTS TO ToTaL CurRENT IN LigHTNING Bott FoR TOWER 
WITH DIFFERENT F'ooTiInG RESISTANCES 


(For meter measuring maximum instantaneous crest currents) 


sparkover in 14, 1, 2, and 4 microseconds are plotted 
in Fig. 8. The 1 and 2 microsecond waves correspond 
to the waves for 500- and 1,000-ft. spans respectively. 
It will be noted that the 14/5 laboratory curve falls 
between these values and should thus apply to direct- 
stroke sparkovers on the usual line. As already noted, 
when a tower is hit the total current of the stroke does 
not go directly to ground; part goes to ground through 
the ground wire to other towers. The division depends 
largely on the footing resistances. When the footing 
resistance is low, the total current of the stroke may be 
obtained approximately by adding the currents of the 
various towers. (See Fig. 9.) 

It might appear that in certain cases a direct stroke 
could be steep enough to produce sufficient voltage be- 
tween line and tower to cause sparkover even with zero 
footing resistance. This does not appear probable on a 
high-voltage line and the usual tower. On a 50-ft. 
tower the reflected wave would begin to reduce the 
voltage in about 0.1 microsecond. A front increasing 
at from 10,000,000 to 20,000,000 volts per microsecond 
would be necessary. 

Location of Ground Wire to Shield Conductors from 
Initial Hits. The ground wire or wires should be at a 
sufficient distance above the line wires to “attract” the 
lightning and thus take the initial hit. The shielding 
effect of a ground wire depends upon its vertical height 
relative to the line wire, and to the horizontal distance 
between the projections of the two wires. If this 
horizontal distance is X and the vertical height of the 
line wire is h, the ground wire should have a vertical 
height greater than y. 


PEEK: LIGHTNING 


1083 


y can be obtained from Fig. 10 or calculated from the 
equation 


Beene) salen) alee) 

H H H H 
which gives y and h for equal hits. y should be at least 
10 per cent greater than the calculated value for pro- 
tection of h. Fig. 10 curves are for a cloud height 
H = 1,000 ft. While this position of the ground wire 
may shield the line wire from the initial hit, it does not 
follow that a side flash or sparkover will not take place 
from the struck ground wire to the line if certain other 
conditions are not fulfilled. This is so if the hit takes 
place at some distance from the tower and the effect 
is maximum for a hit at the center of the span. 

Direct-Hit Wire—Protection from Side Flashes. The 
only difference between the effect of a direct hit at the 
tower and one somewhere on the ground wire is that 
caused by the time taken by the wave to travel from the 
point hit to ground and for the reflected wave to travel 
back. This is so because the point struck does not 
“know” there is a ground until the reflected wave re- 
turns. Since the reflected wave is of opposite polarity 
it begins to reduce the voltage at this point upon its 
arrival. If the front of the direct-stroke voltage is not 
steep enough to reach a dangerous voltage before the 
wave returns, sparkover will not occur between the 
ground wire and the line if the ground resistance is low 
enough. The time required for the return wave is one 
microsecond for every thousand feet of complete travel. 
The maximum distance to the ground would occur for a 
hit in the center of the span. There are several ways 
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Fig. 10—Location or Grounp Wire To Taxes InitTrau Hit 
by which this factor can be taken care of, as for example: 

a. Very high direct-hit wires. 

b. Short spans or short distance between ground 
wire grounds. 

ce. A moderately high direct-hit wire and a moderate 
length of span. 

d. By-separate towers or lines to take direct hits. 

With the high direct-hit wire the separation between 
ground wire and the line wire requires a longer time for 
the voltage to reach the sparkover value. Because of 
its height it is undesirable from the standpoint of 
“attracting” direct hits and not being very effective as a 
ground wire. With long spans 1,000 ft. or more and 
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abrupt direct strokes the separation between this wire 
and the line or ground wire at the center of the span 
should be 25 ft. to 50 ft. or more. Methods of stringing 
may permit greater clearance at the center of the span. 
These distances for different lengths of span can be ob- 
tained from Fig. 11. The minimum distance required 
on the assumption of 10,000,000 volts reaching the line 
is given at the intersection of the sparkover curve and 
the curve of voltage between ground wire and line wire. 


«, [BASED ON 10,000,000 VOLTS REACHING POINT STRUCK 
= 


VOLTAGE | 
GROUND WIRE 


(02 
0 
SISTANCE BETWEEN GROUND Re. AND BRASE WIRE-d 


Fie. 11—Mintmum Crearance Necessary TO PREVENT 
SPARKOVER FROM GROUND Wire TO LINE For A Direct Hit To 
GROUND WIRE IN CENTER OF SPAN 


The sparkover curve is based upon the point gap spark- 
over with voltage rising to breakdown value in the time 
for the wave to travel to the tower and back.' 
Usually it may not be necessary to design for a hit at 
the center of the span since the chances of such a hit 
are small. Further experience with direct-hit wires of 
varying heights on sections of operating lines is 
desirable. 

Immumty from Outages Due to Direct Hits. This 
discussion shows that if lightning strikes the tower, 


H 


(a) (b) (c) (d) 


Fie. 12—Towers wits InpucED VouTaGE AND DrreEct- 


STROKE PROTECTION 


immunity from sparkover can be approached only with 
very low tower footing resistance and 230-kv. insulation 
(14 to 16 units). Direct-stroke wires in addition to the 
ground wires may be necessary. A line with com- 
paratively short spans (500 ft.) and a direct-hit wire 
sufficiently high to take the initial strokes from the 
ground wires, as well as the line wire, may generally be 
more practicable than excessively high direct-hit wires. 
(See Fig. 12.) This same effect could be obtained 
on a long span line by placing a ground wire or direct- 
stroke wire sufficiently high to take the initial dis- 
charges on what is, in effect, a short span line. This 
couid be accomplished by permitting the main towers 
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to support the direct-stroke wire and using the inter- 
mediate towers for grounding purposes only. 

Low-Footing Resistance. Low-footing resistance can 
usually be obtained by means of buried wires connected 
to the tower legs. These wires may be either extended 
out radially from the tower or extended directly from 
the towers along the line. Radial wires of moderate 
length should usually be more effective. These have 
been called counterpoise wires, a term having a some- 
what different meaning in radio. However, the method 
used will be governed largely by cost. 

Protection Against Direct Strokes When Towers Hoe 
High-Footing Resistance. In certain parts of the 
country where there is little or no soil and the towers 
are located in rock it may be very difficult or impossible 
to reduce ground resistances low enough to prevent 
direct-stroke outages. On the other hand, resistances 
low enough for the induced voltage ground wire may be 
practicable. When economic conditions permit, this 
can be taken care of by extending parallel lines at a 
distance x on either side of the sections of the transmis- 


Fig. 13—Sprcrat Type or CONSTRUCTION FOR PROTECTION 


Against INDUCED VOLTAGES AND Direct STROKES 


sion line. The object of these lines is to “attract’’ the 
stroke away from the transmission line and thus prevent 
it from being hit. For ideal protection a cloud directly 
overhead should be nearer the direct-stroke line than the 
main line as shown in Fig. 18. The minimum height of 
these lines Z, can be calculated from the formula 


Z 1 x y y ye 2 
HA ( H H 
This line need not have low-footing resistance and the 
conductor need not be any larger than mechanical 
conditions require. This form of protection would in 
many ways seem ideal. 
Another solution, possibly not economical, would be 
a very low line with a net fence and net top. Towers 
placed to take all of the direct hits could also be used 
for this purpose.® 
Dischargers or Diverters. It is possible to prevent 
outages by some form of discharge device or diverter at 
the tower permitting the lightning to discharge freely to 
ground but preventing the power current from follow- 
ing. The requirements for such a device are much 
more severe for direct strokes than for induced voltages. 


and grounds. 
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In the case of direct strokes the Perineioe must be very 
low. The fused grading shield isoperating successfully 
in practise. Other devices have also been successful 
but they are still in the developmental stage. One 
weakness of such a device is that when located at the 
tower it would not necessarily prevent a power are 


between line and ground wire due to a lightning dis- 


charge at the center of the span. 
III. OPERATING EXPERIENCE 


The Cronin Wire. There is now overwhelming op- 
erating evidence of the value of the ground wire in 
reducing outages, operating reports generally indicating 

a reduction varying from two to one, to ten to one after 
the installation of ground wires. Probably better re- 
sults will be obtained with more attention to location 
Measurements of the protective ratio of 
ground wires on full size outdoor antennas give good 
agreement with the values in Table V obtained from 
laboratory measurements on models. These ratios are 
lower than those obtained mathematically where corona 
is neglected. © 

_ The value of the ground wire for direct-stroke protec- 
tion has also been indicated.. This applies to the ground 
wire as usually located, as well as the high direct-stroke 
wire, both of which have been experimented with on the 
lines of the Pennsylvania Power & Light Company. 
On one bad section of this line the outages were 6, 9, and 
14 respectively in the’ years 1926, 1927, and 1928. 
During 1929 the ground resistances on this section were 
reduced from 50 to 150 ohms to values of the order of 
‘one ohm and the usual ground wire was unchanged. 
There were no outages on the section in 1929 and 
1930. “Diverter” wires or high-ground wires erected 
about 50 ft. over the line wires on another section were 

struck without outages." 
og ct Strokes vs. Induced Voltages as a Cause of 
Outages Itis very difficult to decide definitely whether 
an “outage is caused by induced voltages or direct 

strokes even when lines are equipped with instruments 
ie that purpose. There is very good evidence that 70 
per cen of Eee Shes on Lo et ab eee to ue LEO) 


rican a & Electric eee Hes an 
rn.? Table Vili in this paper shows 
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TABLE V—EFFECT OF GROUND WIRES ON LIGHTNING 
INDUCED VOLTAGES 
(From Tests on Models) 


Protective 
Arrangement ratio 
1 0.50 
(a) oy a) 2 0.44 
2h es 3 0.50 
ill 0.40 
(0) aye Xo) 2 0.34 
3 0.40 
1 0.34 
oO 0 © 2 0.28 
3 0.34 
u 0.28 
0. 0) 20* 2 0.25 
3 0.28 
if 0.43 
Oo (¢) : 2 0.50 
(0) fo) 3. 0.62 
ro) Co) 
i 0.34 
(0) (o) 2 0.39 
ro) (9) 3 0.48 
to) (o) 
1 0.40 
Co) (o) 2 0.48 
(0) to) 3 0.36 
fo) ro) 
alr 0.35 
0 o 2 : 0.35 
{e) ; {o) : 3 0.43 
ro) (0) 
se F 1 0.25 
Onna o ; ; 2 0.30 - 
om (o) 3 0.37 
ro) ro) “ 


o indicates conductor 
. indicates ground wire 
Voltage with ground wire 
Voltage without ground wire 


Protective ratio = 


Average values for various relative conductor and ground wire distances 
that have been used in practise. 
Includes corona effect. 


PROTECTIVE RATIOS 


@ ; 
Showing Effect of Varying Distance between Line Wire and Ground Wire 
Re 50th 

Values of y 


60 ft. 70 ft. 80 fits 


90 ft. 
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For the lower ground resistance values sparkover 
by direct strokes would not be expected, while for 
the higher values direct-stroke outages would be ex- 
pected from application of equation (3). On the other 
hand, most of the footing resistance values are low 
enough so as not to affect materially the efficiency of 
the ground wire for induced voltages. Approximately 
equal effects would be expected from induced voltages 
as recorded in the tables. Thus 100 per cent of the 
outages could be accounted for by induced voltages and 
33 per cent by direct hits at the tower. Therefore the 
cause of outages might be 66 to 100 per cent by induc- 
tion or up to 33 per cent by direct hits and the remainder 
by induction. The percentage of direct-hit outages 
might be increased somewhat by side flashes from hits 
out on the span. 

Lightning has been observed to strike near lines 
without causing induced voltages high enough to flash- 
over insulation; it has also been observed to strike at a 
distance with simultaneous splintering on wood poles or 
insulator flashovers on steel towers. Because of the 
short duration of the phenomena, exactly what happens 
is frequently uncertain. However, as pointed out above, 
induced voltages would be expected to vary widely 


1800 

PECL eee eee reer 

fe CTiabecaeeceeccezecels | GG 
ATI) CURVES BASED UPON 40 KWICI bens 


i 
400}-7-++1-7 Seconds 70 VAPORIZE ONE. [| ky arime 
zoo KLE INCH OF no. copreR wie | ae 
oo RACE EEE EEE re ie? 
iene Co] COULOMBS 


(CREST VALUE, 


CURRENT IN THOUSANDS SF AMPERES 


80 100 120 146 160 180 200 220 240 260 260 300 
t= TIME IN MICRO-SECONDS 


Fig. 14—CurrEnT REQUIRED TO VAPORIZE WIRE FOR VARIOUS 


Time LENGTHS or CurRENT APPLICATION 


with the character of the discharge. The reported 
observations are, therefore, not contradictory. 


On July 16, 1930 a radio antenna of No. 12 copper 
wire was struck at Pittsfield, Massachusetts. One 
hundred feet of the wire was completely vaporized by 
the lightning current. The middle curve in Fig. 14 
gives the calculated current necessary to vaporize a No. 
12 copper wire for varying time.* It is of interest that 
this current is 800,000 amperes at 20 microseconds; 
510,000 amperes at 50 microseconds and 112,000 am- 
peres at 1,000 microseconds. No. 14 rubber-covered 
copper wire used on telephone circuits and house wiring 
is also frequently fused. 


In order to give the various factors the proper weight 
in tower design it is important to obtain more data on how 
frequently the conditions necessary to cause high induced 
voltages occur during storms and also on the hazard of a 
line being struck. 


*These curves are based upon 4.0 kw. seconds to vaporize 1 
inch of No. 14 copper wire. 
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IV. TOWER DESIGN 

Several different tower designs will now be consid- 
ered for the purpose of illustrating the application of 
the above principles. | 
230-Kv. Line Conductors in Horizontal Plane 

Assume that a single-circuit steel tower will be used 
with conductors in a horizontal plane and limited to an 
average height of 50 ft. 

With two ground wires the general arrangement 
would be as in Fig. 12a. Take a = 0.45 as the prob- 
able maximum value, then 


Induced V oltages 


V =gha = 100 X 50 X 0.45 = 2,250 (1) 
or with ground wires when w = 0.5 
V =Ghew—syl2o (2) 


The footing resistance should be less than 50 ohms and 
preferably not over 25 from the standpoint of induction. 
From Fig. 8, eight insulator units would be sufficient 
with the 14/5 wave or twelve on the 114/40 wave. 
Thus induced voltages are readily taken care of if 
ground wires are used. 


Direct-Hit Voltages V = KIR=0.81R 
TakeI = 200,000 
then for R = 25 ohms 
V = 0.8 X 200,000 x 25 = 4,000,000 volts = 4,000 kv. 
This is a high voltage for which to insulate. Reduce 
the footing resistance, then 

R = 120hms 

V = 1,920 ky. 
This requires 14 units on the 44/5 wave which seems 
reasonable for most direct strokes (See Fig. 8). How- 
ever, a more conservative arrangement, until more in- 
formation is available on the common direct-stroke 
currents, would be 5-ohm resistance and 14 to 16 units. 
It will be noted that up to the present the induced and 
direct-stroke requirements are the same except that the 
direct stroke necessitates a lower ground resistance. 
The clearance from the conductor to tower can be ob- 
tained from the point gap curve in Fig. 8. 

Shielding the Line Wires from Direct Hits. _ It is now 
necessary to determine if the ground wires are high 
enough to shield the conductor from the initial hit. 
Referring to Fig. 10, for X = 10 ft. and h = 55 ft. at 
the tower, y must be greater than 60. Insulator lengths 
and other considerations have fixed y at 70 ft. The 
shielding condition is more than met without impairing 
the efficiency of the ground wires. 

Direct Hits to Ground Wires at Center of Span. To 
provide against direct hits from the ground wire to the 
line at the center of the span consideration of a further 
condition is necessary. 

If the span is 500 ft. the requirement is a minimum 
clearance of 20 feet. See Fig. 11. A somewhat greater 
clearance at the center of the span can probably be 
provided for without greatly reducing the ground wire 


(3) 


September 1931 


efficiency. Check the clearance decided upon with the 
protective ratio in Table V to see if the value is greater 
than 0.5 as used above. 

With a 1,500-ft. span the requirement is greater than 
29 ft. and the ground wire is reduced in efficiency. 

From the calculation of the voltage due to direct 
strokes with a 5-ohm ground it is seen that 14 to 16 
units are necessary. It would then appear that 230-kv. 
insulation is necessary where protection from direct 
strokes is desired. The tower in Fig. 12a seems to meet 
the requirements for 230-kv. insulation both from the 
usual induced voltage and direct-stroke standpoints, 
with a possible small factor of safety for mid-span hits 
on the longer span. It meets the induced voltage 
conditions for 188-kv. insulation but not all of the 
direct-stroke conditions. A one-ohm tower resistance 
would be desirable. 
with direct-hit wires of different heights on sections of lines 
exposed to lightning. Good results have been obtained 
with the usual ground wire with low-footing resistance 
as noted above. 

If longer spans are used or greater safety factor for 
mid-span hits is desired, the height of the ground wire 
may be increased as in Fig. 12b with 16-unit insulation. 
This could be done without too great reduction in the 
induced voltage efficiency. 

For lines of lower voltage or at lower insulation a 
combination of direct-stroke wires can be used as in 
Fig. 12c. Figs. 12b and 12c have the disadvantage of 
increasing the hazard of being hit. For high insulation, 
the ground wires in Fig. 12¢c could be omitted, leaving 
only the single direct-stroke wire properly located to 
take direct hits. 

Conductors in Vertical Plane. 

A tower with a vertical conductor arrangement in- 
creases the difficulty of designing a line highly resistant 
to lightning. See Fig. 12d. 

Induced Voltages)5 V=hgaw=100haw 

= 100 X 80 X 0.45 X 0.5 = 1,800 kv. 
would require 14 to 16 insulator units with ground wires 


for the 14/5 wave. See Fig. 8. 
Direct-Hit Voltages. With 12-ohm footing resistance 
—200,000 amperes 


V S=KiR = 08 K 200 x 12 = 1,920 
Requires 14 to 16 units for the 14/5 wave. 
Obtain clearance to tower from gap curves (Fig.-8). 

Shield Wire. The 15-ft. clearance between line and 
ground wires should be sufficient for shielding. 

Direct Hits to Ground Wires at Center of Span. If 
desired, a direct hit wire can be provided as shown by 
dotted line. 

With this tower the number of direct hits should be 
greater than for tower 12a. 


Short Spans Important 


Since the height of the direct hit wire must be in- 
creased with increasing span length, short spans. be- 
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tween ground wire grounds are important. As already 
noted, short spans also increase the effectiveness of the 
insulation. 


Special Method of Protection Against Direct Hits. 

Where low-ground resistances are not possible, or are 
difficult to obtain, the arrangement in Fig. 13 could be 
used. In fact, if economically feasible it would be ideal 
for any condition since it takes the hit away from the 
tower. The usual tower is used with the ground wires 
that are necessary for induced voltages. The ground 
resistance of these wires need not be particularly low. 
At either side, at a distance from the line about equal to 
the height of the ground wire, shielding wires are erected 
and grounded at each pole. No care need be taken in 
obtaining low-ground resistance. The wire need not be 
larger than mechanical conditions demand. The ob- 
ject of these wires is to take the direct hits and thus 
prevent the line from being struck. 

With the ground wire height y = 60 and the distance 
between ground wire and shielding wire x = 60, the 
minimum height of the shield wire is z = 62 from 


Z y \? es 
rice mn) anal Nae) 
The same effect is obtained by trees along the right-of- 
way of many lines. Z should be at least 10 per cent 
greater than the calculated value. Direct-stroke towers 
could also be used. 
The towers shown in Figs. 12 and 13 are not intended for 
definite designs but merely for the purpose of illustration. 
The above principles can be used in the design of lines 
with wood pole towers. With such towers advantage 
should be taken of the wood to increase the insulator 
sparkover. The lightning strength of wood has already 
been given elsewhere.” 


V. WAVE SHAPES—COORDINATION 


From the above analysis it appears that the steep 
wave-front effects, causing insulator sparkover on the 
more highly insulated or higher voltage lines, are ap- 
proximated by the 14/5 wave. This applies particu- 
larly to direct strokes to the ground wire or to tower, or 
severe induced voltages. The 14/5 curve should then 
apply in determining the lightning strength under such 
conditions. When a direct stroke goes to a line wire, 
high sparkover values such as are caused by the 14/5 
wave will occur but the resulting wave on the line is 
likely to be very long. 

Lower induced voltages may have very long waves. 
While voltages of such waves will not usually reach 
sufficiently high values to cause sparkover on the highly 
insulated lines, they may be the predominant cause of 
trouble on the lower voltage lines, especially on distribu- 
tion circuits. The 114/40 wave approximates the ef- 
fects of this type of lightning voltage as the lower ex- 
treme. Both waves should be considered in the design 
of the lower voltage lines. 

The coordination of line insulation with apparatus 
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insulation has been so successful in practise that it will 
probably soon be in general use. In adjusting the 
sparkover values of the various insulations and gaps for 
purposes of coordination it is important to have the 
relative values hold for any possible lightning wave. 
Usually, if the coordination adjustment is made with 
the 14/5 wave, the same relative sparkover positions of 
the various insulators will remain the same for any 
wave. However, it may sometimes be desirable to 
know the relative voltages for a long wave as well as a 
short one. All conditions are well covered by tests with 
the 14/5 and the 1144/40 waves. A wave falling 
between the two and giving an impulse ratio of about 
1.5 might also be useful. Further information on light- 
ning strength for different waves can be found else- 
where."® 


VI. CONCLUSIONS 


1. The cloud height, the charge, the time of dis- 
charge, and the current and voltage of the bolt can be 
estimated from lightning oscillograms on transmission 
lines. 

2. An independent check on oscillographic measure- 
ments can be obtained from direct-stroke current 
measurements. 

3. Transmission line voltages due to induction and 
direct strokes can be calculated from the above 
information. 

4. In some instances more accurate field measure- 
ments are necessary before final conclusions can be 
reached. 

5. Line sparkover can be caused by either induced 
voltages or direct hits. As line insulation is increased, 
the direct hit becomes of increasing importance as the 
cause of sparkover. 

6. Induced voltages can be reduced to safe values 
on high-voltage lines by ground wires. An important 
factor in direct-stroke protection is low tower footing 
resistance. 

7. The general requirements for a safe line from the 
standpoint of direct hits or induced voltages are the 
same. They are; low lines, short spans, low tower foot- 
ing resistance, and ground wires. However, direct 
strokes require lower footing resistance and higher 
ground wires. 

8. The lightning strength of insulators for induced 
voltages and direct strokes can be estimated. 

9. A lightning proof line seems feasible. 
designs are discussed. 

10. Methods of tower design are illustrated. 

11. More accurate field measurements are desirable 
to determine the numerical range of voltage, current, 
ete. 

The valuable assistance of Mr. L. V. Bewley in de- 
veloping formulas, making calculations and preparing 
the appendix is acknowledged. 
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Mathematical Appendix 


Induced Strokes 
OF (r) 


a dt 


(w) ¢ 
C= ip f | rtetoe—nisse v(t—7)] 
(1) 
- f (c) = Distribution of voltage due to instantaneous 
release of bound charge. 


F (t) = Law of cloud discharge 
De kes 
: | T oe law 
| (1 — € Oe, exponential law 
4 = Time of cloud discharge 
(Sig lors Me A ba tise EDR hy 
ree ey SRS (m3 
i ir - &mr h, ; 
(@), = Ale : = theoretical protec- 
Oo) Ses a ae tive ratio for line 
2 wire ry due to m 
lm - . mm 


ground wires 
h = Heights of the conductors 


2h 
Ze, = 60 loge (Se) = self surge impedance 


a 
Ra = 60 lore (=) = mutual surge impedance 


OL Gz) 


= Sf tletee-o) eit (2) 


voltage of the free traveling wave 


VO ere cy ecw) ee (3) 
gh (w) 
Vt 
Ve Fag oee. acaba : (4) 
oF 
Poe sre) 5 0 = Cloud discharge current (5) 


Q = Initial charge of cloud. 
By (5) and (1) 


(f[z+o(t—7)]+fle—v(—7)]} I (1) dt ©) 
0 


Front of freewave ~L 22H . 
Total length of free wave = (L + T) 


+o 
Jf (CBee. ee 


C= 70) = length of equivalent rectan- 


gular bound charge (7) 


2R @u = 217) B a S . : 
CECI Se a ee 


(ae (ese = Sa Ip 
2R ee) zu. +2 Zo 
(2 = 210) 


c “ard Vinsul- (mid-span 
om ( pan). tor. 


“2A a ‘Equivalent: self surge ‘impedance of all ground wires. 


_ wire Te 
urge impedance of lightning bolt. 
R ak wer footing resistance. 
E = Voltage of incident wave from lightning eiroiees : 
In terms of the current in the tower the voltages are (for a strike at the 
; tower) 


3 rf Vg. = Viower =RI 
\ y ey Zir 
Viine =RI (=) 
abt A 
is Lf Se Ne 
|) Vinal: = ri(—4—) 
a ‘ Z11 f 
Ordinarily zir/z11 = 0.20 so that - 
‘ wy) Vinsul- = 0.80 RI 
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Discussion | 
For discussion of this paper see page 1146. 


Lightning Discharges and Line Protective 
Measures 


By Cel. FORTESCUE* 


Fellow, A. I. E. E. 


Synopsis.—This paper describes the mechanics of the develop- 
ment of a lightning stroke in a cloud and the formation of a surge 
onaline. It shows that the energy of a stroke can vary between wide 
limits so that the actual surge on the line may be of practically any 
magnitude. 

Fundamental types of high-tension line construction are analyzed 
to show the performance that would be obtained with them. 


R. N. CONWELL} 


Fellow, A. I. E. E. 


and 


Experience obtained on the 220-kv. lines of the Public Service 
Electric and Gas Company is offered to substantiate the belief that 
induced surges are of relatively small importance and that the direct 
stroke is the criterion for good design. 

The effects of line construction on the character of surges impressed 
on the terminal substation apparatus is discussed to indicate the 
degree of protection that would be required. 


N understanding of the formation of lightning 
surges on transmission lines is essential to the 
study of the problem of protecting lines and sub- 

stations against these surges. In the study of lightning 
protection, the magnitude and wave form of the surges 
formed on the line are of fundamental importance; 
attenuation also becomes important when considering 
the surges to which a substation may be subjected 
during any thunderstorm. 

Complete data on the limiting value of lightning 
stroke potentials are not available, but from known 
data the approximate values of potentials that may be 
encountered may be estimated. The highest surge yet 
recorded on any transmission line occurred during the 
past season on a 110-kv. wood pole line in Arkansas. 
This surge was formed on the line as the result of a 
stroke of lightning which splintered the pole from top 
to bottom; a side flash from. the transmission line 
jumped 25 ft. of air to a neighboring telephone line. 
The cathode-ray oscillograph, located four miles from 
the point at which the lightning struck the line, gave an 
oscillogram of a surge which reached its maximum of 
5,000 kv. in one microsecond. From known data it 
has been estimated that, at the point struck, the poten- 
tial due to the lightning stroke must have reached a 
value of approximately 15,000 kv. before flashover took 
place from. line to ground over the wood pole. From 
laboratory data on creosoted wood poles and needle 
gaps it is estimated that the rate of rise of the potential 
due to the lightning stroke before flashover took place 
must have been between 10,000 kv. and 20,000 kv. per 
microsecond. 


MECHANISM OF LIGHTNING STROKES 


To understand the factors that have a bearing on the 
limitation of the potential of the lightning stroke when 
it hits a line or, what amounts to the same thing, the 
maximum limit of the lightning stroke current, one must 


*Consulting Trans. cnr ., Westinghouse Elec. & Mfg. Co., 
East Pittsburgh. Pa. 

Trans. and Substation Engr., Public Service Elec. & Gas Co. % 
Newark, N. J. 

Presented at the North Eastern District Meeting of the A. 1. E. E., 
Rochester, N. Y., April 29-May 2, 1931. 


consider the nature of the thundercloud itself and the 
manner in which electric energy is stored in it. The 
thundercloud consists of small particles of water-vapor 
each carrying a minute charge of electricity. Ifa free 
negative charge is present it attaches itself to a particle 
of vapor and thereby loses mobility. A thundercloud 
retains its charge by reason of the fact that the particles 
of water-vapor repel each other and, since the size of 
the particles is maintained constant, remain suspended 
in the air by the action of upward components of the 
air currents. 

Since there are very few free ions in the cloud atmos- 
phere and since the mobility of the charged moisture — 
particles is very small, the only way such a volume can 
be discharged is by ionization. This process in a cloud 
atmosphere may be extremely slow. During-the forma- 
tion of the lightning streamer very little current is 
drawn from the cloud, and therefore the volume of cloud 
atmosphere required to be ionized is small. As the 
head of the streamer progresses by ionizing the air 
space in front of it, a space charge of requisite value 
must be built up and maintained. This ionization of 
air requires energy and time. Since the energy must 
be obtained from the cloud itself, the rate at which the 
point of the streamer will travel will be governed by the 
rate at which cloud ionization can release energy. 

Even if it were assumed that ionization streamers 
inside the cloud atmosphere could form with the velocity 
of light, it would require 10 microseconds to discharge 
completely a cloud volume one mile in diameter. 
However, the speed of formation of streamers is much 
slower than the velocity of light, probably being not 
more than one-twentieth of that value as determined 
from time lag measurements of sphere-gap breakdown. 
To discharge completely a spherical volume one mile in 
diameter would therefore take at least 105 microseconds. 
If a reflection from the ground over the lightning 
channel is considered, 5 microseconds should be added 
to the above values. 

Some streamers have been noted which never reach 
ground as the charge in the cloud is not sufficient to 
maintain and propagate the streamer. It may there- 
fore be inferred that lightning strokes to earth or to a 


1090 


31-82 


September 1931 


structure will vary their severity over a wide range 
depending upon the amount of energy the cloud is 
capable of discharging through the lightning channel. 
The energy in the streamer itself, until it reaches 
ground, a transmission line or any structure, is mainly 
potential energy because the motion of the charges in 
the channel is relatively slow as compared to the 
velocity of light and because the currents required to 
produce ionization are relatively small. When the 
earth or a structure is reached by the streamer its 
potential energy is instantly changed to kinetic energy 


-and a current wave moving at the velocity of light 


flows into the earth or the structure. Negative reflec- 
tions pass up the lightning channel, increasing the 
discharge current in the channel as they proceed, until 
they reach the cloud where they increase the gradient 
in the cloud atmosphere, causing the ionization streamer 
to penetrate further into the cloud volume and thus 
tapping more of the cloud energy to supply current to 
the channel. As the volume of ionization extends with- 
in the body of the cloud, the rate of discharge gradually 
decreases until the point is reached where the available 
energy is insufficient to stabilize the channel from cloud 
to earth and the current ceases to flow. 


OF LINE SURGES DUE TO LIGHTNING 
STROKES 


Formation of line surges due to lightning strokes 
should be analyzed in accordance with the type of 
transmission construction used of which there are two 
general classes. In the first general class are included 
the wood pole lines and steel tower lines not equipped 
with ground wires. The second consists of steel tower 
lines equipped with ground wires. Three cases occur 
in this class; first, where inadequate ground wire pro- 
tection is provided and the lightning stroke is allowed 
to strike the conductors; second, where the design of 
ground wires is adequate to prevent the contact of the 
stroke with any conductor but the conductor insulation 
is inadequate to prevent flashover either at the tower 
or mid-span; and third, where all strokes are terminated 
on the ground wires and the insulation of the conductors 
is adequate to prevent flashover. 

Considering first surges occurring on transmission 
lines unprotected by ground wires, when lightning 
strikes a wood pole line unprovided with a spill-over 
gap at that point, the potential attained by the surge 
before the wood structure breaks down may be very 
high. Such a lightning stroke usually involves all 
conductors before the failure of the wood pole unless the 
clearances between wires are extremely large. When 
the structure flashes over, the potential is reduced 
quickly to a value which depends upon the surge 
impedance of the lines and of the wood pole and ground, 
considering the wood pole as a conductor to earth. 
The surge impedance of the wood pole and earth may 
range between 10 and 200 ohms. Assume a value of 50 
ohms and a lightning stroke that will have a potential 
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of such a value that, when it terminates on a conductor 
of the same surge impedance as the lightning channel, 
it will deliver a surge of 15,000 kv. crest and will rise at 
a rate of 15,000 kv. per microsecond. If the surge 
impedance of a lightning channel is 200 ohms the calcu- 
lations for potential on the line are as follows: 


Vesta 2Y, 
TE NG EES AT (1) 


Potential at point of stroke = 
Dynamic lightning potential 
Surge admittance of lightning channel’ = 
Surge admittance of conductors involved = 
Surge admittance of pole and ae 
Y, = 0.005 mhos 
Y, = 0.002 mhos for single conductor 
= (0.004 mhos for three pea 
Y, = 0.02 mhos 
Voltage reduction factor for stroke to three conductors: 


Vee 0.01 
V, 0.005 + 0.008 


Voltage reduction factor for stroke to three conductors 
and ground: 


Vat 0.01 
V. 0.005 + 0.008 + 0.02 


Steepness of surge on the line (0. A: x 15,000 kv.) is 
11,550 kv. per microsecond. 

If the line under consideration has physical charac- 
teristics similar to the Arkansas line,® flashover may be 
assumed to take place when the potential rises to 10,000 
ky. or in 0.87 microseconds. 

Potential of the conductor immediately after the pole 
flashes over will be 


10,000 X 0.3038 
0.77 


This potential at the end of one microsecond will be 
15,000 0.303 = 4,550 kv. 


Fig. 1 shows the approximate shape and value of the 
surge that will be impressed on the line due to the light- 
ning stroke and the flashover of the wood pole. When 
the surge reaches the next structure, flashover may take 
place there also but at a greater time lag, reducing the 
tail of the surge to a much lower value. Surges on the 
line resulting from lightning strokes of lower values are 
also shown in Fig. 2. It should be noticed that the 
lower the potential the longer will be the unchopped 
portion of the surge. This always will be true if the 
lightning stroke has plenty of energy and therefore, the 
values represented by the longer surges shown in the 
curves are the most severe types of waves due to light- 
ning which may be encountered in a line of this type. 

In the case of steel towers without ground wires the 
surge potential of the conductor after flashover of the 
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= 0.77 


= 0.3803 


= 3,940 kv. 


6. For references see Bibliography. 
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insulator will be that of the tower. One insulator string 
only may be flashed over if the surge impedance of the 
tower is low, since the surge traveling along the line 
that is struck induces a potential of the same sign on 
the other conductors thereby reducing the difference of 
potential between them and the tower. In horizontal 
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LIGHTNING STROKE OF POTENTIAL !5,000KV., 


100 
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Woop Pore Line 


Fig. 


construction, if an outside wire is struck, the other out- 
side wire has the next higher probability of flashing over 
and if it should flash over the middle wire will generally 
be well protected from flashover. The likelihood of 
another flashover taking place at adjacent towers is 


SURGE IMPRESSED ON LINE DUE TO 
LIGHTNING STROKE OF POTENTIAL 15,000 
KV. WAVE AFTER FLASHOVER AT SECOND TOWER 


SURGE IMPRESSED ON LINE 


FOR LIGHTNING STROKES 
OF LOWER POTENTIAL 


VOLT-TIME LAG CURVE OF FLASH- 
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INSULATION 
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dependent upon the intensity of the stroke and the im- 
pedance of the tower where flashover first occurred. 
Considering the case of a steel tower line protected by 
ground wires, the primary function of the ground wire 
is to intercept the stroke of lightning and conduct the 
current to a tower through which it dissipates itself 
into the earth. ‘To accomplish this the correct relation- 
ships of ground and line wires for both horizontal and 
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vertical construction are shown in Figs.8and4. For the 
horizontal configuration, the ground wire should be so 
placed that a line drawn through it and the outside con- 
ductor will form an angle with the vertical which is no 
greater than 20 deg. With angles greater than this, 
side flashes to the outside conductors are very likely. 
For the vertical configuration, the ground wires on the 
double circuit towers should be placed vertically above 
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GROUND WIRES 
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3—HorizontaL ConpDUCTOR CONFIGURATION SHOWING 
Grounp. WirE ARRANGEMENT 


Fig. 


the outermost conductors. With both types of con- 
struction the spacing between the ground wire and con- 
ductor should be such that a stroke to the ground wire 
at mid-span will not cause a flashover between the 
ground wire and the conductor. Theory and limited 
practical experience indicate that this spacing for 
1,000-ft. spans should be approximately 40 ft. 
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To evaluate the surge that is impressed on a line in- 
adequately protected with ground wires and sufficiently 
insulated against tower potentials only, first consider the 
potential set up on the conductor when struck in mid- 
span before flashover takes place. The value of this 
potential V,, may be obtained in the same manner as 
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described under the discussion of lines not equipped 
with ground wire. The insulator will flash over on the 
front of the wave at some value which is less than V,, 
and the potential will be reduced to a value computed 
by formula (I) with the added admittance of the ground 
wires included. After flashover of the insulator, part 
of the surge is propagated over the ground wires and is 
reflected from the adjacent towers reducing the poten- 
tial of the tower and conductor involved in the flash- 
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Fig. 5—PorTentiau at TOwER Due To LIGHTNING STROKE ON 
Line Conpuctror at Mip-SPan 
over. Meanwhile the rest of the surge is carried away 


by the conductor and tower. An analysis of the form 
indicated above was made but with the stroke terminat- 
ing on the conductor in the middle of the span. The 
results follow, being presented in simplenumerical values 
and illustrative curves. 

Assume a 15,000-kv. wave to be impressed upon the 
conductor in the middle of the span (Fig. 5). The 
ground wire will at the same time assume a similar 
potential wave with a magnitude determined by the 
coupling which in this case is 0.295. The surge will 
travel along the line until it strikes the tower. The 
front part of the wave which is below flashover will 
travel along the line, but with a slight reduction. The 
current drawn by the ground wire through the tower 
reduces the potential of the ground wire and allows a 
charge to form between the ground wire and the con- 
ductor. This reduces the potential of the surge travel- 
ing beyond the tower to 89 per cent of its original value 
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which is not reduced at succeeding towers except by 
attenuation. 

Assuming that flashover takes place when the voltage 
rises to 1,000 kv. so that the potential of the tower, 
ground wires and conductor now becomes the same, 
the rest of the wave will divide as follows: 

A part will travel beyond the tower on the conductor, 
a part will travel in both directions on the ground wire, 
a part will travel over the tower into ground, and the 
remainder will be reflected over its original path. Thus 
the magnitude of the surge traveling over the ground 
wire is the same as that on the conductor following the 
flashover. At the succeeding tower, however, the po- 
tential of the ground wires is reduced to a negligible 
value. This change, through coupling with the con- 
ductor reduces the conductor potential for the section 
of the wave following flashover, to 63 per cent of its 
original value. Thusif the potential of the tower where 
flashover occurred rises to 159 per cent of the flashover 
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value of the insulator string, the insulators will flash 
over at only one of the succeeding towers. 

Flashover at the first towers will set up reflections 
over the conductor and cause waves to travel back and 
forth over the ground wires. The potentials developed 
at various points are given in the following curves. 
Fig. 6 shows the potential (1) of the conductor at 
mid-span. This wave is a resultant of the lightning 
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potential impressed by the lightning stroke and the 
subsequent reflections from the towers. The reflec- 
tions shown with dotted lines are of opposite polarity, 
thus subtracting from the impressed wave. The ground 
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wire potential at mid-span due to the surge on the 
conductor is as illustrated in Fig. 7. The first part of 
the voltage wave on the ground wire is generated by 
virtue of its coupling with the conductor. Traveling 
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waves modify the latter part of the wave as shown by 
dotted lines. Fig. 8 shows the voltage between the 
ground wire and conductor at mid-span and is derived 
by subtracting Hq from Et. It is quite obvious that 
high voltages exist at mid-span requiring a large 
separation between ground wire and line conductor 
to prevent flashover at that point. 

The potential to which the tower will rise when 
flashover takes place is shown in Fig. 9. Incidentally 
this is the potential of the ground wire, tower and con- 
ductor at that point. The tower footing impedance 
was assumed to be 10 ohms. Fig. 10 shows the tower 
potentials but in this case the tower footing resistance 
was assumed to be 200 ohms. A comparison of Figs. 9 
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and 10 illustrates the value of low tower footing re- 
sistance. 

The case of a line properly protected with ground 
wires but with insufficient insulation is to be considered 
next. Inadequate insulation may be considered to 
exist at either of two points, at the tower or at mid- 
span. When the lightning terminates on the ground 
wires at mid-span the ground wires will be raised to a 
potential which may be computed by formula (I). 
This surge will travel to the adjacent towers where part 
of it will be absorbed by the tower, a part will continue 
on the ground wire, and a reflection will take place. 
With inadequate insulation at the tower, flashovers 
may take place at the adjacent towers on one or more 
conductors so that towers, ground wires, and affected 
conductors will assume the same potential. After 


tember 1931 . 


hover occurs, reflections on the ground wires similar 
those occurring in the case where lightning strikes 
conductors inadequately protected by ground wires, 
will take place from these towers. When the flashover 
_ takes place at mid-span from the ground wire to one 
of the conductors, the surge will travel over the ground 
_ wire and conductor to adjacent towers. A part of the 
surge on the ground wire will be absorbed by the tower, 
a part will continue on the ground wire and a reflection 
_ will take place at the tower as before. As in the case 
in which the. conductor inadequately protected by 
ground wires is struck, the potential on the conductor 
will be of sufficient madonitude to cause flashover at 
_ adjacent towers. Because of the shorter are path at 
_ the tower the 60-cycle arc is more apt to be maintained 


given in Fig. 11, while the conductor potential is shown 
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at the tower than in mid-span, flashover at the tower — 
therefore being more easily identified than at mid-span. 

When the stroke terminates on the ground wire in the © 
middle of the span, the voltage on. the ground wire is 
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attenuation, will continue along the conductor until 
it finally enters a substation. 

Should the spacing between the ground wire and con- 
ductor be insufficient, a flashover will take place at 
mid-span impressing upon the conductor the same 
potential as the ground wire. A voltage wave of the 
nature shown in Fig. 11 will be transmitted by the 
conductor. This potential will exceed the potential 
of the tower by an amount dependent on the magnitude 
of the reflection of the surge on the ground wire, will 
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flash over the insulator string, and will then be reduced 


to the potential of the tower. The resultant wave 
propagated beyond the region of disturbance vt. be 
as ae to that shown in Fig. 5. 
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SUMMARY OF 1930 LIGHTNING INVESTIGATIONS 


The results herein reported were obtained on the 
Public Service Electric & Gas Company’s 220-ky. lines 
during the lightning season of 1930.1. During these 
investigations a portable cathode-ray oscillograph was 
located at the Roseland Switching Station, Roseland, 
New Jersey. The 220-ky. lines in use consisted of a 
six-mile section of the Roseland-Plymouth Meeting 
line and a six-mile section of the Siegfried-Roseland 
line. Surge tests with a portable million-volt lightning 
generator supplemented the lightning work. Phases 1 
and 3 of the Siegfried-Roseland line were jumpered 
together at Tower 34. The method by which these 
line sections were connected is shown schematically in 


” Fig. 17. 


The 220-kv. lines were constructed with 16-unit 
standard suspension insulators, with arcing rings, and 
18-unit strings in tension at the dead-end towers. Both 
sections of the line were dead during the investigation, 
construction work being not yet completed. Two 
ground wires were in place. 


LIGHTNING CURRENT MEASUREMENTS 


The installation of klydonographs for recording 
currents in towers was completed on June 26. These 
instruments were installed directly in parallel with 
the tower footings without voltage dividers, by locating 
the instruments on the tower a few feet from the ground 
and running light copper wire to an auxiliary ground 
50 to 75 ft. from the tower base. A few weeks later the 
klydonographs were reconnected in order to utilize a 
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Plymouth Meeting section about 7,000 ft. from the 
station. No klydonographs had been placed on this 
section of the line because the 220-kv. towers were 
overtopped throughout the entire distance by a parallel 
line of 132-kv. towers. 

Fig. 20 is an oscillogram of a surge obtained during 
a storm on July 1 and shows a positive surge of 35-kv. 
crest value. A heavy stroke to ground was observed 
just east of Tower 1 on the Siegfried-Roseland section 
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of the line at the time the instrument tripped. Thunder 
and lightning seemed almost simultaneous, the interval 
being not greater than one second. Observers placed 
the stroke within 1,000 ft. from the station and not 
more than 300 ft. from the line. A second wave is 
noted on the oscillogram after an interval of 65 micro- 
seconds, approximately the time required for the wave 
to reflect from the open end of the line and return to the 
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station. Further confirmation of this theory is ob- 
tained by comparing the time of the second wave in this 
oscillogram with that of the oscillogram shown in Fig. 
21 taken on the same time scale. Data from observa- 
tions indicate that this surge was induced and originated 
close to the station. ' 

Fig. 21 is an oscillogram taken during the same storm 
and shows a positive surge of 65-kv. crest. Analysis 
of the oscillogram indicates that the disturbance 
occurred on the Siegfried-Roseland section near Tower 
23. The klydonograph films were collected shortly 
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after the storms and they recorded ground current in 
the towers from Tower 20 to Tower 27 inclusive. The 
data obtained from these klydonographs are given in 
Table I. 

The oscillogram shown in Fig. 22 records a positive 
surge of 85-kv. crest. A stroke to ground was observed 
at the time the oscillograph tripped and was located by 
a direction finder between Towers 11 and 20 on the 
Siegfried-Roseland section. The time interval between 
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the lightning and thunder was about 15 seconds. In 
the oscillogram a second wave follows the first after an 
interval of 38 microseconds. By the aid of information 
given by the second and third reflections the disturbance 
was determined to have taken place about 14 micro- 
seconds from Roseland. Klydonograph films indicated 
that currents were present in Towers 15 and 16. Data 
from these films are given in Table II. 

Another group of current records was obtained on 
Towers 4 to 9 inclusive. The surge resulting on the 
conductors was evidently so low in this instance that 
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EFFECT OF LINE CONSTRUCTION ON POTENTIALS © 
Sah Festatation of Aids kaka records is _ IMPRESSED ON SUBSTATIONS | 
oe 7 The potentials appearing in a substation will be dis- 
cussed with relation to the various forms of line con- 
struction: first, wood pole lines highly insulated against 
impulses but having no ground wires; second, lines 
with low impulse flashover such as steel towers having 
no ground wires; third, steel structures with inadequate 
cto or ‘and the ground wire if these ground wire protection; and fourth, a tower line having 
The good ground wire protection and adequate insulation. 
€ ne ¢ With wood pole structures using high insulation, and 
: atte hae ate ae the . without ground wires, a stroke terminating on the 
» current disturbances on the tower conductor will impress upon it a surge of exceedingly 
ystem were limited to a distance of high magnitude. This surge may travel for many miles _ 
is due to low tower footing resis- and still be of a dangerously high potential. Such a_ 
induced on the conductor arising surge entering a substation will be impressed across the 
ground wires become nil beyond  gubstation insulation. Because of the lower insulation 
. disturbance. Thus no surge on the against impulses generally used in substations, 
propagated Perens this region unless will occur within the substation ee an 
To prevent such mip outs or 
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entering into the substation, the stresses on the sub- 
station insulator will be fairly moderate and less 
lightning protection will be required to safeguard the 
substation equipment. 

This analysis can be applied to the case of tower lines 
where inadequate ground wire protection is used, as the 
nature of the surge propagated over the conductor is 
very similar to the preceding case with the exception 
that in this case the tail of the wave will be of much 
shorter duration. 

The final case to be considered is that in which ade- 
quate insulation and good ground wire protection are 
used on the steel tower line. It has been shown that 
under these conditions only surges of very low magni- 
tude will be propagated over the transmission line and 
thus substations will not be subjected to dangerous 
surges. Inthe event of a stroke very close to the sub- 
station, thus involving the substation in the disturbed 
region, the voltages on the conductor may be moder- 
ately high. However, the station lightning arresters 
will limit the voltages appearing on the conductors to 
a value well below the substation insulation. Under 
this condition, the current carried by the lightning 
arrester is fairly low being only that required to charge 
up the conductor to about the potential of the substation 
ground. 


SUMMARY 


1. The charge in a thundercloud, being held by 
particles of moisture in suspension which are insulated 
from each other by the intervening air, can form a light- 
ning stroke only if the air between these particles be- 
comes conducting. 

_. 2. Energy is transferred from one section of a cloud 

to another through streamers. Laboratory experi- 
ments show their rate of development to be on the order 
of one-twentieth the velocity of light. 

3. With the finite rates at which energy can be col- 
lected, a cloud volume one mile in diameter will require 
approximately 100 microseconds to discharge. 

4, Flashover at mid-span will be followed by a flash- 
over at the adjacent tower. Because of the shorter 
arc path at the tower, the 60-cycle arc is more apt to be 
maintained at the tower than in mid-span. 

5. With the high rates of rise of potential measured 
on wires struck by lightning, large spacing between 
ground wires and conductors is required at mid-span 
to prevent flashover at that point. 

6. The voltage to which a tower will rise when either 
it or the ground wire is struck is a function of the tower 
footing resistance. 
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7. When the tower or ground wire is struck, the 
voltage difference before flashover between the tower 
or ground wire and the conductor is equal to the po- 
tential of the tower or ground wire less the potential 
assumed by the conductor through mutual coupling 
with the ground wire. 

8. When the ground wire or tower is struck and 
flashover takes place, a surge having the same potential 
as the tower is propagated over the conductor. 

9. If a tower or ground wire is struck and no flash- 
over results, severe electrical disturbance is limited to a 
few structures, and any surge propagated over the con- 
ductor will be of extremely low magnitude. 

10. During one year’s investigation on lines equipped 
with ground wires, no flashovers have occurred where 
tower footing resistances are below five ohms. 

11. The ground wire protection adjacent to the 
station should be strengthened as much as possible to 
eliminate flashover and direct strokes to the conductor, 
thus preventing strokes close to thestation from impress- 
ing dangerous surges upon the station equipment. 

12. On well-protected lines, reduced insulation for 
structures adjacent to substations is not advisable as 
for strokes terminating at these points, the hazard of 
flashover is increased with the consequent greater pos- 
sibility of transmitting a surge into the substation. 
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Lightning Investigation 
on the 220-Kv. System of the Pennsylvania Power 
& Light Company (1930) 


BY EDGAR BELL* 


Associate, A. I. E. E. 


Synopsis.—This paper describes the 1930 results (fifth consecu- 
tive year) of a lightning investigation conducted on 220-kv. lines 
located in eastern Pennsylvania and where lightning storms are 
prevalent. During 1980 the investigation was expanded; two new 
devices, the surge (insulator assembly flashover) indicator and the 
lightning (storm) severity meter being successfully applied. 

Unique and comprehensive data were secured on the magnitudes 
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and wave shapes of natural lightning surges both at and remote from 
the point of origin on the transmission line; numbers of phases 
faulted during trip-outs; numbers, magnitudes and effects of direct 
lightning strokes; some data on the relative importance of induced 
strokes; results of measurements of atmospheric ‘voltage gradients; 
and the indicated effect of overhead ground wires and tower footing 
resistances. ‘ 


GENERAL 


HE extensive investigation of lightning on the 
Pennsylvania Power and Light Company’s 220-kv. 
system during 1930 is a continuation of research 

begun in 1926. Data obtained prior to 1930 have been 
presented in papers!” before the A. I. E. E. in 1928 and 
1930. | 

The field study included measurements of magnitude 
and wave shape of lightning surge voltages on 220-kv. 
transmission lines, location and current magnitudes of 
direct" lightning strokes, atmospheric electric field in- 
tensities, induced voltage gradients, lightning storm 
severity, insulator flashovers (including flashovers which 
left no visible burns or marks on insulator assemblies), 
and careful and systematic collection of weather and 
operating data. 

The results of the 1930 investigation have furnished a 
key to the mechanism of lightning influence on high- 
voltage (220-kv.) transmission lines, and the problems 
of evaluating the effects of overhead ground wires, 
tower footing resistance, and direct and induced strokes 
are in process of solution. 


LINE DATA 


The 220-kv. system of the Pennsylvania Power & 
Light Company consists of the Wallenpaupack Tap, the 
Siegfried-Delaware River section of the Siegfried-Rose- 
land line, and the greater portion of the Plymouth-Sieg- 
fried line. The sections of line between Wallenpaupack 
and Siegfried (formerly known as the Wallenpaupack- 
Siegfried line) are now called the Wallenpaupack 
Tap-Siegfried Roseland line. Practically all measure- 
ments were made on this line, and unless otherwise 
specified, references in this paper will be to this line. 

General characteristics of the above mentioned lines 
including a description of the so-called ‘“‘counterpoise”’ 
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installed along a 214-mile section of line on which flashed 
insulators had been very numerous have been described? 
in a previous paper. These lines, together with present 
and future interconnections, are shown in Fig. 1. 

During 1930 two radical changes were made to sec- 
tions of the Wallenpaupack Tap. The tower footing 
resistances of all towers equipped with overhead ground 
wires (exclusive of the “‘counterpoise’” section) were 
reduced by connection of tower footing grounding cables 
to the tower footings. Each cable consisted of a 50-ft. 
length of 00 stranded copper cable trenched in...the 
ground to a depth of about a foot, and connected to one 
corner of the tower. Four cables extending radially 
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Fig. 1I—PENNSYLVANIA-NEw JERSEY 220-Ky. INTERCONNECTION 


outward were used at each of the 80 towers. The 
immediate effect of these tower footing grounding cables 
was to reduce tower footing resistances to about one- 
half their former values. 

A 814-mile section of this line outside the ground wire 
section, and which was particularly subject to insulator 
flashovers, was equipped with lightning stroke diverting 
cables,’ or overhead ground wires of unusual design. 


FACILTIES AND MEASURING DEVICES 


The investigation was conducted and facilities were 
made available cooperatively by the Pennsylvania 
Power and Light Company and-the General Electric 
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Company, the Electric Bond and Share Company acting 
as consultant for the former. The Public Service Elec- 
tric and Gas Company of New Jersey and the Philadel- 
phia Electric Company also cooperated by supplying 
lightning storm and weather data from their respective 
operating territories, the latter company also furnishing 
operating data from its 220-kv. lines which are intercon- 
nected with those of the Pennsylvania Power and Light 
Company. All five companies participated in analysis 
of data. 

Measuring devices and facilities used are listed in 
Table I which also indicates trends in scope of the 


TABLE I—MEASURING DEVICES AND FACILITIES 


Number of instruments or facilities 


1926 1927 1928 1929 1930 
A—Instruments used on 220-kv. lines 


Surge-voltage recorders............. Oe 26 4Oee eee ee 
Lightning-stroke recorders........... OOhrs (On aes 4 ne ols 
Surge (flashover) indicators.......... Ose Oven O 0 ..1,041 
Cathode-ray oscillographs........... 0.... 0 1 aes 2, 
Magnetic oscillograph elements or 
high-speed graphic ammeters...... Dare ee Cee RO ne i Le 
to 22 
B—Other instruments’ (not coupled to 
220-kv, lines) 
Surge-voltage recorders............. Oirete 0 1 Gtketee bis 13 
Cathode-ray oscillographs........... Ones Oa Oty Ls 0 
Field-intensity recorders............. OM ae Onsen Olas 1 ee 3 
Rate of change of field recorder....... Oe 0 6, Ode 1 0 
Storm-severity meters:............. Ore irae) yO OF 4 
C—Special installations 
ANCONA ee ee cee he itk earelne oe 0 0 Din cig a LO LO 
Towers with counterpoise........... Utes oll: Onan le 14 
Towers with tower footing grounding 
Cablesici. Pack nts ca ee aires © ose wis tons Om (0) 0 10) 80 
Towers with lightning stroke diverting 
Cablestasrminiks sta ane cere Oe ORR e' Oe Onares ORls 
Lightning arrester installations....... Osan OSS Oban 6 Ole 2 
D—Weather data 
Weather observations (operating sta- 
GIONS)!! opar. Nees suelo sles Henelauaes ois Wray elon deltoid Lacue loo 
E—Operating data 
Overhead (tower climbing) patrols. . LE Sarerat sea aise rn pees 5 
Operating records, from 220-kv. 
operating stations................ PAN Mt POY SI ee BS 3 


investigation by years. Locations of devices and facili- 
ties with respect to transmission lines are shown in 
Fig. 2. 

The surge-voltage recorder,‘ the lightning stroke 
recorder,’ the cathode-ray oscillograph® and the field 
intensity recorder® have been described in other papers 
before the Institute. 

The surge (insulator assembly flashover) indicator’ is 
a small device applied to each insulator assembly of a 
tower, and designed to cause a target, visible to a ground 
patrolman, to show upon occurrence of flashover of that 
assembly. This instrument was developed during the 
winter of 1929-30 by the General Engineering Labora- 
tory of the General Electric Company: As used during 


1930 towers having one (or more) targets showing were ~ 


climbed, all insulator assemblies carefully inspected for 
marks of flashover and a new indicator link installed. 
Broken pieces of the old link were saved, and inspected 
by experienced engineers. At the end of the season a 
tower climbing inspection was made of the entire 
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Wallenpaupack Tap-Siegfried Roseland line for the 
purpose of checking the performance of the surge indi- 
cators and to secure the best possible insulator assembly 
flashover data. Fig. 3 shows surge indicator installa- 
tions on a typical steel tower. 

The lightning (storm) severity meter’ is a small device 
of simple construction, consisting of a roll film box 
camera containing a special glow tube. This tube is 
connected between a short vertical antenna (80 ft. long) 
and ground. Collapse of electric charges collecting on 
the antenna during lightning storms causes the tube to 
glow, and record a spot on the film. The intensity or 
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Showing locations of recording devices and facilities 


degree of darkness of this spot is an integrated function 
of the number of charges on the antenna and their 
magnitudes. As used during 19380, films were advanced 
by hand once a week to a new position, and all records 
secured were on a weekly basis. Installations were 
made in open fields as free as possible from trees, build- 
ings, and electric power lines. 


The lightning severity meter was developed by the 
General Engineering Laboratory of the General Electric 
Company. 

During 1930 the Wallenpaupack Lightning Labora- 
tory was abandoned, and a new one established near 


a 


September 1931 


tower 23-4 of the Siegfried Roseland line. Fig. 4 is an 
illustration of the new laboratory and its site. At this 
location, known as Cherry Valley, the line is not 
equipped with overhead ground wires, and flashed 
insulators had been particularly numerous. During the 


Fig. 3—SurGe-Inpicator INSTALLATION ON TypicaL 220-Kv. 
StreL TOWER 


1930 season a direct stroke of lightning contacted the 
line conductor at not more than 500 ft. from where the 
cathode-ray oscillographs were coupled. The oscillo- 
gram of this voltage surge is described later. 

Two cathode-ray oscillographs were employed, both 
being coupled to the same line conductor. One instru- 
ment, called the ‘‘fast sweep” had a time axis of 50 
microseconds duration; the other or “slow sweep”’ oscil- 
lograph had a time axis of 2,000 microseconds duration. 
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The latter instrument was particularly useful in deter- 
mining the approximate locations of the line faults 
associated with oscillograph records. This result was 
possible because of voltage or current reflections from 
faults, line terminals, and line junctions. 

A transmission line voltage indicator located at the 
laboratory and controlled by the electrostatic field from 
the line conductors was utilized for exact and positive 
time correlation of oscillograms with line trip-outs. 

Auxiliary oscillograph circuits? were substantially as 
used in 1929. Sensitivity of the trip circuit of the fast 


Fig. 4—Cuerry Vautitny Ligurnine LABoratory 


Tower SR 23-4 immediately behind laboratory 


sweep oscillograph was increased by changes in circuit 
constants and by exposure of trip gaps to ultra-violet 
light. The slow-sweep oscillograph circuit was initiated 
by the cathode voltage of the fast-sweep oscillograph. 
For over 90 per cent of line faults associated with 


TABLE II—TRIP-OUT DATA—1930—WALLENPAUPACK TAP-SIEGFRIED ROSELAND LINE 


Insulator assembly flashovers 


Measured Overhead 
No. of No. of direct ground Cathode-ray 
Trip-out Phases towers assemblies lightning wires Location of fault (tower and phases oscillogram 
number faulted involved involved strokes installed where flashover occurred) obtained 
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*No. of phases faulted not known with certainty. Possibly one other phase involved. 


+Trip-out due to stroke near lightning laboratory. 
Total number of lightning trip-outs 24 (excluding numbers 13 and 20). 


See oscillogram 902379. 


1104 


trip-outs the number of phases involved was successfully 
determined by means of high-speed graphic recording 
ammeters at Wallenpaupack and magnetic oscillographs 
at Siegfried. 


RESULTS 
Line Trip-outs. Of the 24 lightning trip-outs during 
1930, the location of the fault, the number of phases and 
insulator assemblies involved, and whether or not a 
direct stroke exceeding approximately 50,000 amperes 
occurred, were successfully determined in fifteen cases. 
In the remaining nine cases, complete data are either 
lacking or correlation is uncertain. Table II presents 
summarized data for each trip-out. 
The Plymouth-Siegfried line tripped twice, each case 
being due to a single-phase fault. 


Insulator Assembly Flashovers. Table III summar- 


TABLE. III—SUMMARIZED INSULATOR FLASHOVER DATA 
1930 


Under No ground Total 
ground wires wires for line 
Line Name No. No./mi. No. No./mi. No. No./mi. 
Wallenpaupack Tap...... B*) 06262. 20 82 039455. . 1877-0. 46 
Siegfried-Roseland....... Save) OtnesO ee laols eas 41 
Plymouth-Siegfried...... Din: eh OF Sere) Mera ke Bohn il M2 OS ons 0.04 


*T wo of these flashovers occurred before catalina of tower footing 
grounding cables. 
tExcludes four flashovers at Wallenpaupack protective gaps. 


izes 1930 insulator assembly flashover data with respect 
to overhead ground wires. .Of the 65 line insulator 
assemblies flashed on this line during 1930, 71 per cent 
showed glaze burns characteristic of dynamic arcs. 
Of 38 surge (flashover) indicator operations 29 (76 per 
cent) were associated with marked insulator assemblies. 
Possibly 24 per cent of the flashovers during 1930, there- 
fore, left no discernible marks on the insulators. As in 
previous years, most flashovers occurred on phase con- 
ductors occupying the outer positions in the towers. 
The numbers are 36, 6, and 23 respectively for the west, 
middle, and east conductors. 

Table IV shows that the great majority of insulator 


TABLE IV—GROUPING OF FLASHED INSULATOR ASSEMBLIES 


Number of phases Number of assemblies 


involved in group composing group Total 
SOE EE ® 
(1) (2) (3) (4) 
Dslr s aketeaice aia a ly Ae eee! Oe Dik cues BW Ais Ore 32 
Daxah fohiges repatahok ow rteids Olvaratens PAE SETAC Peeves 3 
AARC cho ae BO) 1 1 
PREM Catia sis \ena'e Gg ce el Gialv oe MDiv ah Dh at hs tA OIC 36 


assembly flashovers involve only one phase (32 groups 
out of 36) but that in 15 of these 32 cases more than one 
assembly was involved (single-phase flashover on two or 
more adjacent towers). 

Fig. 5 shows the flashed insulator assemblies by line 
miles for 1930 and for the five-year period 1926 to 1930 
inclusive. 
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Lightning Strokes. All towers of the Wallenpaupack 
Tap-Siegfried Roseland line were equipped with light- 
ning stroke recorders. These devices were serviced 
after each trip-out or group of trip-outs. Table V lists 
detailed data. 

Table VI summarizes important results, and indicates 
the beneficial effect of overhead ground wires. 

Antennas. Data from these installations are meager. 
The following results appear to be well established, 
however. 

a. Simultaneous records from antennas of varying 
heights are approximately proportional to height above 
the earth’s surface. 

b. The fifteen records obtained during 1929 and 
1930 although varying in magnitude from about 300 to 
2,700 kv. have in no case been accompanied by more 
than a low voltage on the adjacent transmission line 
conductors. 

ce. Voltages of flashover value occurring on the 
transmission line adjacent to antennas have not been 
accompanied by records on the latter. 
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Wallenpatipack Tap-Siegfried Roseland Line 


d. A 60-ft.eKigh-grounded antenna erected over a 
50-ft. high antenna indicates a protective ratio of about 
0.5 to 0.6. 

Cathode-Ray_ Oscillograms 

During 1980 oscillograms of 22 lightning surges which. 
exceeded 100 kv. at the point of measurement were 
obtained. These have been classified into three groups, 
as follows: 

Group I. Surges accompanied by line trip-out caused 
by a fault involving the conductor phase to which the 
oscillographs were coupled (phase X). 

Group II. Surges accompanied by line trip-out 
caused by a fault not involving the conductor phase to 
which the oscillographs were coupled. 

Group III. Surges unaccompanied by line trip-out 
and line fault (nature and location of origin unknown). 

Table VII presents pertinent data of these 22 oscillo- 
grams. 

Fig. 6 shows a typical pair of oscillograms of Group I. 
Both oscillograms are records of the same surge. The 
latter record (902388) began at about — 400 kv. and is 
about one microsecond later in starting than the corre- 
sponding fast-sweep oscillogram or 902387. 

These records were obtained coincident with trip-out 
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TABLE V—LIGHTNING STROKES RECORDED ON WALLENPAUPACK TAP-SIEGFRIED RO SELAND LINE 
reas Magnitude Structure 
at which of structure Polarity of | Overhead footing ; No. of \ 
: record was current structure ground resistance Insulator Conductor phases Correlating 
Stroke No. obtained amperes{ eae wires ohms flashovers position affected trip-outs 
q , 
j 
Z be tote« 
q a PARI eee LT OOOOK escar saiere NOR severe anteuest INGE a siayetarafa tras BS estar INONCl gy Miia creatine <tslosr Cette, is Probably 
Fi ass : z discovered none 
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TABLE VI—SUMMARIZED LIGHTNING STROKE RECORDER 
DATA WALLENPAUPACK TAP-SIEGFRIED ROSELAND LINE 


ING OP COWES ET NIMC APIS, cre cl erase, + 81e wis wolle eimt eso) syeleleco aud w Silvis cei 314 
No. of towers equipped with recorders.....:....-+.-+++++e205% 314 
ING, Of ecnrrent records Obtained (8.02 06 3 acre Beis ete e se ce es 35 
Probable No. of strokes causing these records............++.++ 18 
Maximum current recorded, AaMperes...... 1... cic c eter ete neee 260,000 
Minimum current recorded, ampereS............-+--eeeeeeees 40,000 
ING SOP NORATIVO SELOIMOS: cre tee al el cle oie. cunt oyeoc ols tevadetoles) whee. Shel sey 16 
No. of oscillatory strokes (negative predominating)..........:.-. 2 
No. of recorded strokes which definitely caused trip-outs (no 

BLOUME WIVES AT ANY CASE) shave sictelatem ol oks hens ohend suseke alte 8 vital aie 10 
No. of recorded strokes which did not cause trip-outs (ground 

WAP GOS IZ OVOLV, CASO) cfeteys tse N Circ dat nya imino oie euatiels ha eke aistiny aes ge ssh 7 
No. of recorded strokes which may have caused trip-outs....... 1 


24. Asingle-phase fault developed on phase X at towers 
SR 14-5 and 15-1, about 8.7 miles south of the lightning 
laboratory. Flashed insulators were found on phase X 
at these towers, and the reflections recorded on oscillo- 
gram 902388 show that the location of the fault was 
approximately 9 miles south of the laboratory. 

Similarly Fig. 7 shows a typical pair of oscillograms of 
Group II., 902365 and 902366 are the short and long 
duration oscillograms, respectively. These records were 
obtained coincident with trip-out 16. A single-phase 
fault developed on phase W at towers SR 11-1 and 11-2, 
about 12.5 miles south of the lightning. laboratory. 
Flashed insulators were found on phase W at these 
towers, and the reflections recorded on oscillogram 
902366 show that the location of the fault was about 
13 miles south of the lightning laboratory. ~In this case, 
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Fie. 6—OscitLtoGraMs or LiguTning SURGE—TYPICAL 
Group I Suraz 


Cathode-ray oscillograms 902387 and 902388, obtained July 24, 1930 
at 1:50.5 p. m. coincident with trip-out No. 24. Ammeters at Wallen- 
paupack and magnetic oscillographs at Siegfried indicated a fault on phase 
X. Surge indicator targets showed on phase X at towers 14-5 and 15-1 
(Siegfried-Roseland line) and the insulators were found flashed. Reflec- 
tions on the slow-sweep oscillogram indicate origin of the surge -as about 9 
miles south of the laboratory or at about this location 


TABLE VII—CATHODE-RAY OSCILLOGRAMS OBTAINED AT CHERRY VALLEY, PA. LIGHTNING LABORATORY 


Time in microseconds to reach 


Oscillogram numbers Maximum Polarity Approx. 
— — ————___ Corre- recorded kv. characteristics distance Zero of first loop 
Fast Slow sponding from os- 75% 50% ae Genera ee oe, 
sweep sweep trip-out Phases Fast Slow Nature First Second cillograph of max. Max. of max. Fast Slow 
50 psec. 2,000 uw sec. number faulted sweep sweep of wave loop loop in milest (front) voltage (tail) sweep sweep 
Group I—Fault on phase X (to which oscillographs were coupled) 
902315....902316....... Biakawtese Xa eterener: — 500.. —480...Uni Neg.. 12 SiecesOl Sian 2.0 6.5 42. + ...140 
902329... . .902330....... Weta es er W niet LOO — DID mh OBE aamien POSthee. Neg 20 INTs. 2Oplec es Onl 2.0 2.5 
GO ZB SS ic. OLSSO 06.0 cle he LD wie.s love DSA A OE — 380 .. —875...Uni..... Neg... 10 Ni sc heel Sir ceeae 15. 50. +..50. + 4.250 
9023795 5...NO'S;.S. 08.0% OTe a mee Rie iistieters —2760.. ier ULTRA tech, Neg... 0.1 or less a ? ? 5) wot!) 
902387 .. ..902388.......24....... DESO aS — 750... —725...Uni.....Neg... 9 Ss SOLn 6. oF 10) 31 -538. + ..460+ 
Group II—Fault on phase Y or W or both, but not on phase X 
902306A...902308A..... Bewoeate Y, W*...+ 380... —320...Osc..... Pos feree Neg 18 Ne Libis ite 2. Sew. DO: 13.5 
902325....902326....... LO oeeiete Wasatesrshen ==) 140)... 162). 3 Ose, oc% POS eee Neg ied Nes Oder siete 0.1 + 3.0 6.0 
902344....NoS.S.. See Notet ..W....... + 150.. aS URL ater POS see 100 Sees WEE ogac §.0...:30. « ..47. >= 
902363....902364....... EGA. ence Wits Gass +: 200 ..=-155). Unie. 6 Posts 4 14 Saat QB were 6.0755. 90752 e13..0) 
902365... .902366....... LG sa eoe.s Wittens: + 100 ..—175 ...Os¢... 32 Pos#sie5 Nég:..22013 Si eau tO avec ovale G.Omn. Gro . 8.0 
IN ORES Sine, < 9023670. 015.5 LS iia ere. Wit) vax has t=. 7 54. OSC), 3 OSM ING252, 27 LbO + Sian ere 35 
EN OE ren awe DOLBOS vieece siete Oats oye vee Mit ecrtas oe = 150 5; JOsCe han. IPOstasce Neg. 15 Se tee ORS Rae . 25 
INGLES 4.2 2 902370..... 2.5 DOTS rete Wi aanlee 2. STA OO eS mete POsSsnane Neg 60 Bias RES Wha are segs es 40 
902383... .902384....... D3 HE Orban D BORIS Ree — 250). —300.,,. Uni... . Neg... 3 1 Nie Oh Sinem OD Seas) d OSmaer ano) 
902409:...902410....... PAT OM Ai Eee + 150°... —200...Osc...;.. Posin.cee Neg... 13 Sian ae DY On eieeass Biota 42) tO. 
902411... .902412....... ZON Santee AWisctetere css +=. 310). . --300:. ¢:Ose. . 2... Posts: Neg.... 10 Siwes or Oss cores 2.0 7.0 3 Ae) 
Group III—No corresponding trip-out (location of fault, if any, unknown) 
902307B. ..902308B None Unknown. ? Qo 200 a OSCa ae, Neg..... Pos SO IN Peet ta ere isle to, ook 7020 
902307C. ..902308C i ss aot et20)) .— 430m Osea c Poss sane Neg 426 HN Tee Qh Dias dae Cla iinoie) asset) 4.0 
902313... .902314.. ee ie Poel SOh. —Ab0 Ee OSGy Toot Poss acer Neg.... ? S..eecOtlereeec Os: 2-920 12. 
902335... .902336.. ie sf Artes PSO Nios kOe SEN ea tus Posie Near laity... Uisitiaectens ¢ 2:10) 225 630 -50. +. .400 
902337....NoS.8.. S Us . + 350. ye tWail owes Pos vars Di O nares Subee2h 500+ 
No F. S....902369. . < e of LE Oy. | OSCs eters Neg.. Pos. 40 )5 eos : 170 


*No. of phases faulted not known with certainty. Possibly one other phase involved. 


+Trip-out of interconnected 220-ky. line. 


No fault on Wlpk. Tap.-Sieg. Rose. Line. 


tJudging from reflections on slow-sweep oscillograms. N (North) and § (South). 


Transactions A. I. HE. E. 


September 1931 


lightning-stroke recorder records were obtained at both 
towers, indicating that a direct negative stroke occurred 
to phase W conductor between towers 11-1 and 11-2, 
and that the magnitude of current was sufficient to 
produce records at both towers. 

Fig. 8 showing oscillogram 902379 is a Group I 
record, unusual in that the direct stroke causing the 
line fault and trip-out occurred not more than 500 ft. 
away from the lightning laboratory. No lightning- 
stroke recorder records were obtained, (minimum sensi- 
tivity being about 60,000 amperes). The fault was 
confined to phase X on towers SR 238-8 and 23-4, and 
caused trip-out 22. The record shows that the rise of 
voltage was rather gradual for the first 3.5 microseconds, 
but quite rapid during the next 2 microseconds or until 
insulator flashover occurred on the crest of the wave at 
over — 2,760 kv. After flashover the voltage collapsed 
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Fig. 7—OsciutLoGraMs or LIGHTNING SuRGE—TyYPICAL 


Group II Surges 


Cathode-ray oscillograms 902365 and 902366 obtained July 9 at 
5:27.3 p. m. coincident with trip-out No. 16. Short-circuit 60-cycle cur- 
rents indicated a fault on phase W. Surge-indicator targets showed on 
phase W at towers 11-1 and 11-2 (Siegfried-Roseland line). Insulators 
were found flashed and lightning stroke recorders indicated at these struc- 
tures, currents of 90,000 and 100,000 amperes, respectively. Reflections 
on the slow-sweep oscillogram indicate origin of the surge as about 13 miles 
south of the laboratory or at about this location 


very quickly in about 0.2 microsecond to zero, later 
increasing to about — 150 kv. and gradually diminish- 
ing to zero again at 23 microseconds. 

The wave front of this surge resembles that of the 
voltage across a capacitor when being charged through 
an inductance from a constant voltage source. 

Based on wave-shape characteristics before reflec- 
tions occur, the records of Group I appear, in general, 
to be unidirectional and negative. Those of Group II 
appear to be oscillatory, first loop positive, second loop 
(longer time duration) negative. Composite wave 
shapes based on these records are shown in Fig. 9. 

Most of the records in these two groups have been 
associated with specific groups of insulator flashovers, 
and a number was also accompanied by measured direct 
strokes. 

As shown in Table VII the times to reach crest 
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voltage ranged from less than 0.1 to 15 microseconds: 
Composite wave shapes representative of Groups I 
and II are summarized in Table VIII. 


Microseconds 


0 - 500 
© -1000 
mere VOLTAGE TIME CURVE 

zat FROM OSCILLOGRAM 902379 


Fig. 8—Osci~tLoGRAM OF LIGHTNING SURGE VOLTAGE MEASURED 
AT PoIntT OF ORIGIN 


Cathode-ray oscillogram 902379 obtained at the Cherry Valley lightning 
laboratory—July 24, 1930 at 1:41 p. m. and coincident with trip-out No. 22. 
Flashover occurred across phase X insulator assembly at tower 23-4, a 
point about 125 ft. south of where the oscillographs were coupled. The 
flashover was checked by (1) visual observation, (2) surge indicator opera- 
tion, and (3) flash marks on insulators. _Flashover on phase X at tower 
23-3 (adjacent tower) was also indicated. This record begins at — 100 
ky., increases to — 720 kv. in 3.5 microseconds and is off scale ( — 2,760 
kv.) in 4.8 microseconds. Record reaches zero due to the accompanying 
insulator flashover in 5,9 microseconds 
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Fria. 9—Comrositse Ligutnine SURGE WAVE SHAPES 


PERCENT | OF CREST VOLTAGE 


Surge-Voltage Recorders 

As in previous years surge-voltage recorders located 
at rather widely separated intervals along the line 
yielded records of all magnitudes up.to about 2,700 kv. 


- (breakdown value of line insulation) and of bothpositive 
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and negative polarities. Polarity characteristics and 
magnitudes of surge voltages measured during 1930 are 
indicated in Table IX. 

Data for five consecutive years classified with respect 
to trip-outs and overhead ground wires are presented 
in Table X. It appears that surge-voltage recorder 
records are largely dependent upon the distance between 
the originating disturbance and the point of measure- 


TABLE VIII—SUMMARIZED CATHODE-RAY OSCILLOGRAM 


CONSTANTS 

Time in microseconds to reach First loop Second loop 

Group I 
75 Per. Cont Gresu. case 6 ieee Sais ois elore hier ol henvas 5.0 
Ores Fo cee eee an negara 11.0 
50 per cent crest on wave tail................... 80. 
BOLO SPS Sale KANO Date gs: ney i care ea en aeeas eons ETE 420 

Group II 
7D, POP COND CLOSb <5 dates c.cre sais kicker eieich jello aieakle ne Ten ters 17 
OOS Geo co eke ers terete sth ranean a ee or eet eae nee Ds Dismiantekenshate 25 
50 per cent crest on wave tail................... BRO Seats) ene 92 
TOTO os ois cu tots a case aot Sica IR adie Pac tae aks nL Ee eat eae Ente Sr SiO Weta eer. 335 


TABLE IX—POLARITY OCHARAOTERISTICS OF LIGHTNING 
SURGES RECORDED ON THE WALLENPAUPACK TAP- 
SIEGFRIED ROSELAND AND PLYMOUTH-SIEGFRIED 
LINES DURING 1930 


WT-SR line PS line 
Max. Max. 
Number voltage Number voltage 
Unidirectional SO 
IPOBILIVOS srcer Wergnto cine Cletecete Licntowioncts ABO acne Quer 
NOR AGI OG: wo. See cts aie dawns ONS eects erat aiet carves Bivenctem Site. 550 
Oscillatory 
Highest crest value posi- 
PUY Gierchacs aterarca¥eres S acsbecaians Bae cvanne 2400....... Otten 
Highest crest value 
MOGALIVO s 5 aiciscssnstndens aarats 21.... 2640-3080 0 
Positive and negative crest 
Values (CQAl cc ccticcs so agers Das dtevevaite UT aceariaase Qe eireraee es tr 
TOGA Naa Coats ee SO AR) ovh en ktoto 10 


TABLE X—NUMBER, LOCATION AND POLARITY OF VOLTAGE 
SURGES EXCEEDING VARIOUS TIMES NORMAL, AS 
MEASURED BY SURGE-VOLTAGE RECORDERS OVER 
THE FIVE-YEAR PERIOD 1926 TO 1930, INCLUSIVE 


_—<—_—_—_—_—_— rr —————eeees 
No. exceeding times normal 
(180-kv.) shown 


Location and polarity (1) (5) (10) 
Surges coincident with trip-outs 
On'open line.noe. cos positive........ Silene ence Sider aerate 6 
On open line... 0... 4.0.6 negative....... 295s, cdenclses5e OA Roe = Gite 8 
Under ground wire....... positive........ A tenet ons Diivunceetres 1 
Under ground wire....... negative....... 2B inte) sytl exe de ora: Sreke mare 2 
Surges not coincident with trip-outs 
Onopeniliness.....2..... positive........ Biateereisterets i ek CE Cae 0 
Oniopen liner eee... 2. . negative....... Le Hii PARC AC ch te 0 
Under ground wire....... DOSICIVE.f..5 5 nets TG) Sees) eee Sirota vs 
Under ground wire....... negative....... Biss Gaara here OnactacnO 


ment, whether or not overhead ground wires are present, 
and whether or not the measurements are made on the 
same phase as that involved in the original disturbance. 
In the limited number of cases in which correlation can 
be made with a reasonable degree of confidence, high 
negative voltages have been associated with flashed 
insulators on the phase to which the surge-voltage 
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Transactions A. I. E. E. 


recorder is coupled, either at the same tower or a very 
few spans away. The high positive voltages do not 
always correlate with the insulator flashovers. When 
they do, the flashover occurred at the surge-voltage 
recorder tower but not on the conductor phase coupled 
to the recorder. Table X shows that all voltages of 
high magnitude which are not coincident with line 
trip-outs, are positive in polarity and are measured on 
sections of line protected by ground wires. 
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Fiq. 1O—ATTENUATION oF LIGHTNING SURGE VOLTAGES 


Fig. 10 shows the magnitude of surge voltages at 
various distances from their source. All of these volt- 
ages were measured on sections of line unprotected by 
ground wire and on a phase which flashed over at the 
point of surge origin. 

Electric Field Intensity and Lightning Severity 

Electric-field intensity recorders installed at three loca- 
tions from two to three miles away from the Cherry 
Valley lightning laboratory recorded voltage gradients 


SITE 1: STROUDSBURG, PA. 
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SITE 2:NEAR BARTONSVILLE, PA. 


NUMBER PROPORTIONAL TO 
INTEGRATED CHARGE ON ANTENNA 


LIGHTNING S RITY 
INDEX NUMBER 


LIGHTNING SEVERITY INDEX 
NUMBER EQUALS LOG, OF A 
NUMBER PROPORTIONAL TO 
THE INTEGRATED CHARGE 
ON THE ANTENNA SUMMED 
UP OVER THE WEEK. 


LIGHTNING SEVERITY INDEX NUMBER 
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Fig. 11—Licurnine (Storm) Severiry Merer Data 


up to — 37 ky. per ft. and + 35 ky. per ft. During any 
storm period, voltages at a given location are usually 
preponderantly of one polarity, which may be either 
positive or negative. 


Lightning severity meters were installed at each of 
the three sites mentioned above, and also near the 
lightning laboratory. Fig. 11 shows graphically the 
records obtained from these four locations. The 
lightning severity index number is proportional to the 


_ tower footing resistance. 


logarithm to the base 2 of the charge on the severity 
Tae antenna oe ous for a week and : an arbi- 


ES 

Records from both oe of instruments indicate that 
lightning at one location does not create sufficient field 
intensity to cause records on similar recorders at points 


— $to44 miles away. 


Overhead Ground Wires and Tower Foti Resistance 

The most reliable data available for evaluating the 
effect of overhead ground wires are those of flashed 
insulators. Data from 1929 and 1930 are shown in 
Fig. 12. It will be remembered that only about 37 per 


cent of the line is equipped with overhead ground wires. 


Although many flashed insulator data were secured 
prior to 1929, these are not wholly reliable, with respect 
to time of occurrence and total numbers per season. 

_ Fig. 12 shows the effect of overhead ground wires and 
The effect of the former 
(bearing in mind that these data a are applicable only to 
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Fre. 12—Inpicatep Errect or Tower Foorine ReststaNces 
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the eoacniietion used on this line) is to reduce the 


number of flashovers to about 15 per cent of those 
which would otherwise occur. 


The effect of tower foot- 
ing resistance, at least above 17 ohms, seems ‘to be 


negligible. 


SUMMARY J AND CON CLUSIONS | 


Ay At least a large proportion of the Hehiine trip- 


outs of the Pennsylvania Power & Light Company’s 


-220-kv. transmission lines are caused by direct strokes 
» EO line structures or wires. 


Voltages induced in the power eenaductors by the 


g pease: of cloud fields, coincident with lightning dis- 
charges to other objects, usually do not appear to be of 
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4. Lightning strokes apparently vary through a 
considerable range of current intensity. Structure 
currents interpreted as ranging from approximately 
40,000 amperes to approximately 260,000 amperes have 
been recorded. 

5. Most lightning strokes are of negative polarity 
(earth positive and cloud negative) as indicated by 
measured structure currents. A smaller proportion of 


_structure currents appear to be oscillatory with negative 


polarity predominating. 

6. Positive-surge voltages between conductor and 
tower are usually indicated at locations where a ground 
wire, or a conductor not coupled to the surge-voltage 
recorder, is contacted by a direct stroke of negative 
polarity. They are not, therefore, indications of in- 
duced surges due to cloud fields. ’ 

7. The wave form of lightning surge voltages as 
recorded at the Cherry Valley Laboratory at the time of 
transmission line trip-outs, appears to be dependent, 
among other things, upon whether the surge originated 
and created fault on the phase to which the oscillographs 
were coupled, or on either or both of the other two 
phases. Coincident with the reported direct lightning 
stroke in the immediate vicinity of the laboratory which 
caused flashover at a tower 125 ft. from the laboratory 
and on the phase to which the oscillographs were 


coupled, an oscillogram was obtained which indicated 


that the line voltage rose to something in excess of 
— 2,760 kv. before flashover occurred. An average 
voltage change of 1,540 kv. per microsecond between 
the range of — 750 kv. and — 2,760 kv. was recorded. 

8. The location of surge origin can be determined 
approximately from reflections shown on the oscillogram 
from the slow-sweep (2,000 microsecond time scale) 
oscillograph. The nature and time of these reflections 
supported by the records of the recording ammeters at 
Wallenpaupack and magnetic oscillographs at Siegfried, 
and the indications of the surge (flashover) indicators 


enable identification of fault locations in many cases, | 


even when several trip-outs occur in a single day. 

9. Most trip-outs of these 220-kv. lines are oc- 
casioned by single-phase faults. 

10. The number of insulator assemblies involved in a 
given disturbance causing line trip-out seems, from the 
1930 data for the Wallenpaupack Tap-Siegfried Rose- 
land line, to range from one to four, with two (both on 
the same phase and at adjacent towers) as Ey a rather + 
usual condition. ; 
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Wallenpaupack Tap leads to the conclusion that the 
buried ‘‘counterpoise,” installed there in the spring of 
1929, increases the effectiveness of the overhead ground 
wires. During the years 1926 to 1928 insulator as- 
sembly flashovers in this section of line were numerous. 

13. Conventional overhead ground wires, as now 
applied, and especially when grounded through towers 
of comparatively low-footing resistance, seem to provide 
protection against a majority of the direct strokes 
encountered. Of the twenty-four lightning trip-outs of 
the Wallenpaupack Tap-Siegfried Roseland line (87 
per cent of which is equipped with conventional over- 
head ground wires), one (or possibly four) resulted from 
faults which developed in the ground wire sections. 
The Plymouth-Siegfried line (which is equipped with 
conventional overhead ground wires throughout) 
tripped twice. 
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Discussion 
For discussion of this paper see page 1146. 


BY PHILIP SPORN* 


Fellow, A. I. E. E, 


INTRODUCTION 
‘HIS paper covers two field investigations carried 


these was made on the 1382-kv. transmission sys- 


continuation of the investigation carried on in 1929 
and previously described.!. The Philo-Canton Trans- 

mission line and the system of which it is a part have 
both been recently and fully described.2 The second 
investigation was made on the 132-kv. transmission 

line of the Atlantic City Electric Company between 
Deepwater, New J foe and | adlantie City, New 


DEEPWATER-PLEASANTVILLE 132 K V LINE 
OPERATED AT 66 K V -1930 
~ 13-31 GOL 
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“ _ Fic. 1—Rovrz or Denpwarnr-Aruantic Crry Line OF 
~Artantic Crry Evecrric Company 

Jersey. A map showing the location of the two termini 

and the route of this line is shown in Fig. 1. The entire 


double circuit line is 63.5 miles long, 57 miles being steel . 


- tower 132-kv. construction with a 397,500 A.C. S.R. 
conductor, and the balance, between Pleasantville and 
\tlantic City, being wood-pole 66-kv. construction. 
‘The ee ie aa Aue wee a eno ete from 


and 


eyes 


on in 1930 on the lightning problem. One of. 


1930 Lightning Investigations 


On the Transmission System of the American Gas 
and Electric Company 


Wee bee DLO ed Rat 


_ Member, A. I. E, E. 


... This paper is, of necessity, limited to as brief a sum- 


mary of the salient data as possible; if at times the . 
resulting impression is somewhat hazy, it should not in 


fairness be ascribed to a similar condition in the data. 
tem of The Ohio Power Company and was really a | 


INSTRUMENTS EMPLOYED AND THEIR LOCATION 
_ The instruments used in these investigations were the 
surge-voltage recorder, the cathode-ray oscillograph; 
the direct-stroke recorder and the flashover indicator. 
The first three instruments have been described else- 
where.**! Surge-voltage recorders were installed at 
every tower indicated in Fig. 1, on the Deepwater- 
Atlantic City line; on the Philo-Canton line instru- © 
ments were placed at towers 200, 190, 181, 172, 164, 159, 
156, 152, 148, 148, 184, 129, 123, 118, 118, thus giving 
a greater continuous stretch of line over which to 
obtain data than was available in 1929. Surge-voltage 
recorders were also installed on 132-kv. lightning ar- 
resters at Zanesville* and Newcomerstown.t The 
cathode-ray oscillograph station at Newcomerstown 
was operated throughout the entire lightning year; no 


oscillograph was in service on the Deepwater line. 


Direct, or lightning, stroke recorders of the same type 
and connected in the same manner as previously de- 
scribed! were installed on both the Philo-Canton and 
Deepwater-Atlantic City lines. On the first line in- 


struments were installed on towers 72 to 200 inclusive ‘ 


on the second line 200 instruments were installed, one 
on each tower, from towers 20 to 219 inclusive. 

« The flashover indicator, or surge indicator, is an 
instrument used for the first time this year. When 


properly connected the instrument gives a visual indi- 


cation that an insulator string has flashed over as a 
result of the passing or flowing across it to ground of a 
lightning surge current following the breakdown of its 
insulation by a lightning or surge voltage. A more 
detailed description of this instrument has been given 
elsewhere. A view saeLey such an instrument in- 
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assembly by means of an artificial lightning generator. 
The tests were made at a voltage of 450 kv., and the 
insulator flashover current was limited by resistance 
to a value of approximately 2,500 amperes; this was 
less than the minimum value of lightning current that 
would be carried by the tower arms when the line string 
flashed over. Using this value of flashover current, 
considerable time and effort were spent in finding the 


Fie. 2—FLASHOVER- OR SuRGE-INDICATOR INSTALLATION ON 


Puinto-Canton Line 


proper lead length, location and instrument position to 
give the best flashover indicator performance without 
at the same time offering hazard to normal line opera- 
tion. With the setup finally adopted 100 per cent 
operation was obtained in the laboratory. 

The 1930 circuit arrangement of the cathode-ray 
oscillograph is shown in Fig. 8. This circuit is a modi- 
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R3 = MAIN DISCHARGE RESISTOR, 


Ra = CATHODE RESISTOR 
Rs = TIMING RESISTOR 
C3 & C4= TIMING CAPACITORS — 
Cs = DEFLECTION CIRCUIT CAPACITOR. i 
Ro = DEFLECTION CIRCUIT RESISTOR 


Fic. 3—1930 Crrcuir ARRANGEMENT oF GCaTHopE-Ray OsciL- 


LOGRAPH AT NEWCOMERSTOWN 


fication of the 1929 circuit. 
sist of the following: 

1. A change in the method of sweeping the cathode 
beam across the time axis. This method consisted of 
the use of a rather small capacity C; for first giving a 
_ rapid sweep of beam across the time axis, thus making 
it possible to obtain the front of a wave on a fairly long 
time seale. After the voltage across condenser C; has 
_reached a value sufficiently high the gap in series with 


Its principal changes con- 
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condenser C, (whose value of capacity is approximately 
from 20 to 40 times that of C;) breaks down, the voltage 
during the process of breakdown being for an instant 
reduced to zero and a new sweep rate established on a 
much slower basis owing to the larger capacity of C,. 
It was thus possible to obtain the tail of a long wave on 
the more compressed scale. An oscillogram of a long 
tail wave showing the double scale obtained by the 
double sweep gap is shown in Fig. 4. It will be noted 
that this represents a wave having reached a crest of 
170 ky. in 9 microseconds and attenuating to 50 per 
cent crest in 80 microseconds; the total length of the 
wave is 160 microseconds. 

2. Changes were made in the initiating of the trip 
gap to eliminate previously found erratic behavior. 
It had been found, for example, that under certain con- 
ditions the gap would be initiated apparently by air 
currents without any increase in voltage. To eliminate 
this difficulty the gap was entirely enclosed. Further, it 
was subjected continuously to the action of a mercury- 
vapor quartz-glass lamp so as to keep the space between 


DATE. 9-23-30. TIME 4:13 A.M. 
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200 300 
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Fig. 4—Oscintocram or Lone Tain Wave SHOWING DovUBLE 


ScaLE OBTAINED BY DouBLE SwEEP 


the gap in a highly ionized state and thus reduce any 
initial time lag owing to the necessity for ionization. 

This is believed to be the first installation of a single 
cathode-ray oscillograph in the field to do the work of 
two. Heretofore, two oscillographs have been required 
to get oscillograms of a single lightning wave at two 
different sweeps. The method described above permits 
these two oscillograms to be taken with the same oscil- 
lograph at a saving in equipment and maintenance. 
Positive correlation is obtained. 


SCOPE OF INVESTIGATION 


In undertaking the investigation it was hoped to 
obtain data on the following: 

Magnitude of Lightning Voltage. The installation 
of surge-voltage recorders on both the Philo-Canton 
and the Deepwater-Atlantic City lines was expected 
to yield further information on this point. On the 
Philo-Canton line approximately 22 miles were quite 


: een Pee tars were of further vale for 
ee ee data in connection with the 


ders. On the DeepwateriAtiantic City line ap- 
imately 23 miles of line were covered by 11 surge- 
tage recorders located as indicated in Fig. 1; at 
each one of these points, too, direct-stroke deez 
were installed so that the surge-voltage recorders were 
available for furnishing correlating data in connection 
¥ with any records obtained from such direct-stroke 

recorders. It was also expected that the data obtained 
by means of the surge-voltage recorders would furnish 
an approximate measure as to the intensity and severity 
_ of lightning during this year’s investigation as compared 
- with other years. 

Characteristics of Lightning Voltages. It was expected 
_ to obtain further oscillograms of natural waves through 
the cathode-ray oscillograph installed at Newcomers- 
town. The reason for the location of an oscillograph 
at this point as well as physical details in connection 
with the installation have previously! been described. 
ie Measurement of Current in Lightning Strokes. Last 
year an instrument was placed upon the circuit, de- 
Beene to. differentiate between induced voltages and 
direc Coa This 3 was eure By ena! the 


pp a current its use was extended to that pur- 


niente ind subject to correction as calibrations 
are changed, tt appears worth while to include them 
in this report. 

(MaDe Direct and Induced Siok “an 
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placing the resistor inside the surge-recorder housing, 
disturbance from stray fields was reduced to a minimum 
and the connecting leads were shortened from a few 
feet to a few inches. 


ANALYSIS OF DATA OBTAINED 


Surge-Voltage Data. No records were obtained from 
the surge-voltage recorders on the Deepwater-Atlantic 
City line. However, it should be pointed out, the 
surge-voltage recorders were not installed until all 
lightning trip-outs on the line had taken place. __ 

On the Philo-Canton line 107 surges were obtained, 
divided as follows: 


Lightning ee er soe ee fee veal 35 
Lightning and iwitching. Be Siem. 3; 
OWibC hin oemee en. gee Se ener: 64 
Unkaowntaces ke one one ee 1 
Testinet era. 8a encore Wee 4 

May ee lhc a Papen tsa tet ata ho Nirenri Suc Ser erietia Be 107 


In Table I there is shown a classification of these 107 
surges according to five groupings, namely, positive, 
negative, predominantly positive, predominantly nega- 


TABLE I—PREDOMINATING NATURE OF SURGES 
(Number Recorded) 


Positive Negative 
- Oscilla- 

Cause of surge Pure Predom. Pure Predom. tory Total 
Lightnin gie anoint ee ae Peru Merah S Toreneraier it Otters regntetsa Ss) 
Lightning and ; 

switching. One Reie: OP acttns (Wash an eee eee Der ates 3 
Switching— ; 

energizing.......... Ove roenonens Osage is, Ores custenae (Votes eter Drive rig 1 
Switching— F 

deenergizing 6) Ones. SE Ol scale rotates hh sn eee OGee ah OLA: 1 
Switching—mixed 

energizing and ; 
*GGeHereizings ii-5c5h td bere poo meateioe LAs cen tarene Sieh: 26 acon 62 
Unknowns. cen Osea Pe Sate-t ‘Owe rine Osea. OSes 1 
Testing ro Bier ctacte OA nicielnce Opa beehe Oe sarees Oa 4 

107 


tive, and oscillatory. It will be seen that of the light- 


ning surges 74.3 per cent were unidirectional, 20 per 


cent were predominantly unidirectional and 5.7 per 

cent were oscillatory; further, 65 per cent were purely 

positive, 20 per cent predominantly positive, 9 per cent 

purely negative, 0 per cent PRE EUEY DESI and 

6 per cent oscillatory. ; 
In the peas of the o 
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TABLE II—PREDOMINATING NATURE OF SURGES WITH 
MAXIMUM RECORDED VOLTAGES 
(Times Normal to Ground) 
Positive Negative Oscillatory 
Cause of surge Pos. Neg. Pos. Neg. Pos. Neg. 
Ete Brea eM 5-2 less. aoe cvesered shorsean Be, Bites Oleh i hotle Octane. O.4 
Lightning and switching.:........ had Orth On OAD ee L Lace 
Switching—energizing circuit 
IS) Ra fia Tov nd\cohanee oreie Staley ess Se BIS ee) 
Switching—deenergizing circuit 
Naeem iese stint a Winans Whee toile Dhalis ots 0 OY ait 
Switching—mixed energizing and 
deenergizing circuit No.1....... Wee Sues PAAL eet eae 
Mi nieno wr sheer estas bas eaten Daten ms 


two line trip-outs occurred during the investigation 
indicating that the lightning storm severity was unu- 
sually light and accounted to a large extent for the 
absence of high-voltage surge measurements. 
Cathode-Ray Oscillograph Data. Sixty-two lightning 
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Fig. 5—TuHREE Wave SHArPes REPRESENTING ENVELOPES 
or Minimum, AVERAGE, AND Maximum Time HLEMENTS TO 
Crest, 50 Per Cent VALUE ON TAIL AND ZERO VOLTAGE OF 29 
OscritLoGrams 50 Ky. Crest or ABOVE 


surges were recorded by the cathode-ray oscillograph. 
Of these 61 or 98.5 per cent were of positive polarity. 
The time to crest value of these surges varied from 2 to 
13 microseconds; to half crest value on the tail from 
5 to 85 microseconds and the time to zero voltage 
from 9 to 160 microseconds. The lowest crest value 
recorded was 20 kv. and the highest 180 kv. 

In Fig. 5 there has been shown graphically three wave 
shapes which represent minimum, average, and maxi- 
mum time elements to crest, 50 per cent value on the 
tail, and zero voltage. These curves are based on a 
selected group of 29 oscillograms recording 50 kv. on 
erest or above. It is particularly striking that the 
highest crest value recorded was only 1.67 times normal 
(180 kv.); this wave was a 9 by 16 microsecond wave. 


Direct-Stroke Data. In Table III there are shown the 
lightning stroke currents obtained by direct addition of 
measured tower currents for 18 strokes recorded on the 
Philo-Canton line and for 12 strokes recorded on the 
Deepwater-Atlantic City line. A typical distribution 
of current on each side of a tower struck by lightning is 
shown in Fig. 6. This represents case No. 16, in Table 


SPORN AND LLOYD; 1930 LIGHTNING INVESTIGATIONS 


Transactions A. I. E. HE. 


III, in which tower 72 on the Atlantic City line was 
struck. It will be noticed that the lightning current 
traveled a distance of approximately 3,000 ft. in one 
direction, covering three spans, and approximately 
2,000 ft. in the other direction, covering approximately 
two spans. ‘The distribution of current on each side of 


TABLE III—SUMMATION OF INDICATED TOWER CURRENTS 


Lightning stroke 


recorder 
Reference Date—1930 Tower No. readings* 
Vis wate Wena eee 6-12 to 6-19......... 128 2s chk ea ate 40,000 
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From 1 to 13 Philo-Canton, 
From 14 to 25 Deepwater-Atlantic City. 
*Approximate amperes—subject to correction. 
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6—TypicaL Current DIsTRIBUTION ON EACH SIDE OF A 
Tower Struck By LIGHTNING 


DISTANCE-FEET 


Kia. 


the towers struck for all 25 cases recorded is shown in 
Table IV. 

An examination of Tables III and IV shows first, 
several cases where the approximate currents measured 
in individual towers may be expressed in terms of 
hundred thousands of amperes; second, if currents in 
adjacent towers due, apparently, to the same stroke 
are directly added, much larger currents are indicated. 
It is realized, of course, that the time-phase relation of 
the currents existing in the various parts of the circuit 


TABLE Iv— DIRECT-STROKE RECORDS APPROXIMATE 
-KILOAMPERES—SUBJECT TO CORRECTION 
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A ell Wl 


a 


are not definitely known and that an cenit analysis 
of traveling wave phenomena involved might give 
values of current less than the totals indicated in Table 
III. On the other hand, preliminary analysis has in- 
dicated that a rigidly correct addition of currents would 
increase the value obtained in the tower directly struck 


to at least 50 per cent of the total obtained by adding 
The re- | 


_ directly all the currents in the other towers. 
Pst Its indicate that lightning strokes of several hundred 
q : thousand amperes do occur. 

t is significant that in the case of the Philo-Canton 
here was only one automatic line trip-out where 
cisted a possible correlation with a direct-stroke 
On Chea 23, 1930 line No. 1 upped 
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Flashover (Surge) Indicator Records and Other Data 
Bearing on Question of Direct vs. Induced Strokes. The 
flashover or surge indicators on the Deepwater line 
were not placed in service until late in the lightning 
season and after all line trip-outs due to lightning had 
taken place. 

No insulator assembly flashovers were indicated by 
the flashover indicators on the Philo-Canton line during 
the period of the investigation. The three principal © 
reasons for this are: first, the fact that the instruments 
were installed rather late in the lightning season, second, 


they were not placed on every insulator assembly, and 
third, lightning conditions were not as severe asin the 


past years. Records of damage to the line insulators 
were rather few and in every case were at towers where 
there v were no flashover indicators installed. 


TOWER N° 177, 


6577' TO TOWER N° (61. 
(NEAREST S V.R) 


"TREE NO3. 
1300' 
TREE N° 2 
TREE 


6110'TO TOWER N° 172. 
(NEAREST SV A) 


TOWER N° 175. 


7—LocatIon oF TREES STRUCK BY LIGHTNING IN VICINITY 
or Tower No. 176 on Purito-Cantron Line 


Fie. 


- It will be seen from the above that little was con- 
tributed to the knowledge of the relationship between 
direct and induced strokes by the flashover or surge 
indicators. Other data, however, were obtained which 
shed s some EN on LS foe 
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a mile away). Both trees had the bark split and torn 
off around the periphery of the tree, the lightning ap- 
parently striking the top of the tree and extending down 
to the ground in four or five parallel paths. In each 
path the bark torn off was 2 to 3 in. wide. ‘The trees 


Fig. 8—Tree No. 3 (Fic. 7) Arter Beine Struck 


BY LIGHTNING . 


were oak, approximately 18 in. in diameter at the base, 
tree No. 2 being about 75 ft. high and No. 3 about 50 ft. 
high. Fig. 8 is from a photograph of tree No. 3 after it 
had been struck. 

In the same general location a tree marked No. 1 in 
Fig. 7 was struck in 1928, and that time a surge 
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recorder was located at tower No. 176 only 360 ft. 
away. This instrument recorded at that time maxi- 
mum voltage 2,100 kv. positive; trip-out occurred. 
It seems evident from the 1928 record that a direct 
stroke of lightning striking tree No. 1 had caused an 
induced voltage on the line of 2,100 kv., flashover, and 
trip-out. The 1930 record indicates that one or more 
direct strokes of lightning striking trees Nos. 2 and 3 
resulted in relatively low, if any, induced voltages on 
the line, no outages, and therefore just the opposite of 
the 1928 experience. 

Lightning Arrester Data. Surges obtained on light- 
ning arresters showing both current discharges and 
voltages are given in Table V. 

The arresters at Newcomerstown are three legged 
oxide film type, 400 cells per leg. The series gaps on 
these arresters were set at 3.5 in. throughout the entire 
lightning season. Thyrite arresters are installed at 
Zanesville. Referring to Table V it will be seen that 
the values of voltages obtained across lightning arresters 
are at or below 300 kv. in all cases except on surge No. 
14 B where a voltage of 500 kv. was recorded. A surge- 
voltage registration equivalent to 300 kv. is obtained 
under conditions where the reliability and accuracy of 
the registration is comparatively poor; the same thing 
holds true for currents of 100 amperes or less. Under 
these conditions no great reliability can be placed in the 
precision of measurements obtained. The best that 
can be gathered from the data is to state that it seems 
fairly certain that neither of the arresters at Newcomers- 
town or Zanesville was called upon to discharge surges 
of high voltage or current of any appreciable magnitude. 

From the summary of the data obtained it will be 
seen that while everything was set for the gathering of a 


TABLE V—LIGHTNING ARRESTER SURGE DATA 
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(2) 225 kv. or less. 
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rather extensive set of data, the amount of actual infor- 
mation obtained was not as great as had been expected. 
Nevertheless some very important new data were 
obtained and confirmation obtained of other previously 
gathered observations. The results obtained, it is 
believed, fully justify the conclusions below. 


CONCLUSIONS 

1. The highest lightning voltage obtained by surge- 
voltage recorder was 6.5 times normal, positive; the 
highest switching surge recorded was 3.5 times normal, 
oscillatory and highly damped; the highest cathode-ray 
oscillograph voltage recorded was 1.67 times normal, 
positive. The low severity of lightning storms during 
the year accounts to a great extent for the absence of 
high-voltage surge measurements. 


2. Practically all lightning voltage surges on the 
transmission line of appreciable magnitude are unidirec- 
tional. The investigation disclosed: 

74.3 per cent wholly unidirectional 

20.0 per cent predominantly unidirectional 

5.7 per cent oscillatory but highly damped. 
The oscillatory figures may be due to superposed surges, 
which the timing of the surge recorder is unable to 
separate. 

3. Positive lightning surges on the conductors 
predominate. The surge records show: 

23 pure positive 

23 predominantly positive 

3 pure negative 

0 predominantly negative 

2 oscillatory 
Out of 62 cathode-ray oscillograms, only one negative 
surge was recorded; the balance being positive. 

4. From 29 oscillograms of natural lightning voltages 
above 50 kv. obtained on the line, wave fronts ranging 
from 2 to 9 microseconds were recorded. ‘Tail time 
values to 50 per cent crest ranged from 6 to 40 micro- 
seconds; and total length to zero from 10 to 160 micro- 
seconds. 

It should be noted in this connection that these waves 
were not measured at the point of origin where steeper 
fronts and possibly shorter tails may have existed. 

5. The lightning-stroke recorders indicate that 
direct strokes are negative in polarity. 

6. Direct lightning strokes to the overhead ground 
system of the transmission line take place frequently, 13 
having been recorded on the Philo-Canton line and 12 
on the Deepwater-Atlantic City line. Considering the 
fact that out of these 25 cases only 4 trip-outs resulted, 
it appears that the induced surge voltages on the con- 
ductors under these conditions are in the great majority 
(84 per cent) of cases insufficient in amplitude to cause 
- line trip-out. 

7. Direct strokes to the tower or ground wire also 
occurred without apparent flashover of the insulator 
assembly. Out of 13 direct-stroke records on the Philo- 
Canton line 8 were obtained under conditions where 
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flashover indicator operation might have taken place 
with top or bottom insulator assembly flashover. Not 
a single case of such operation was recorded. 

8. The study of direct-stroke records shows frequent 
cases where currents of the order of several hundred 
thousand amperes or more are indicated in a single 
lightning stroke. 

9. Direct lightning strokes to the overhead ground 
system produced discharge currents through as many 
as 6 adjacent towers of a transmission line. 

10. Repeated discharges (possibly up to 4 or 5) in 
the lightning stroke are indicated by the presence of 
superimposed Lichtenberg figures on several of the light- 
ning-stroke recorder films. Another possibility, how- 
ever, is that these are individual strokes some short 
time apart. 

11. The presence of a large number of surges of 
positive polarity indicates that many induced surge 
voltages are present on the line conductors. In at least 
one known case a tree was struck approximately 360 
ft. away from the line, inducing a positive voltage of 
2,100 kv. on a conductor at a tower that distance away 
from the tree; this caused a flashover of the insulator 
string and a trip-out of the line. 

12. The lightning arresters at Newcomerstown and 
Zanesville were not called upon during the period of 
active data taking to discharge surges of high voltage or 
current of any appreciable magnitude. 
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INTRODUCTION 

Plan of Investigation. Upon the organization of the 
Lightning Subcommittee of the Power Transmission 
and Distribution Committee of the A. I. E. E., in the 
fall of 1926, it was decided that a comprehensive in- 
vestigation should be started, in an effort to obtain 
some definite information regarding lightning and its 
effects, which were causing havoc with electric power 
service and which, at that time, were relatively un- 
known. For this purpose, the American Gas and 
Electric Company placed its 132-kv. system at the 
disposal of the Committee, and in the following spring 
an investigation was started using the klydonograph, 
at that time the only instrument available for the 
purpose. This investigation was conducted coopera- 
tively by the American Gas and Electric Company and 
the two principal electrical manufacturers, and most 
of the equipment was pooled for the purpose. 

The following year, 1928, the activity was consider- 
ably expanded, and the efforts of the different partici- 
pating groups were concentrated on two different parts 
of the system. ‘The tests in which the Westinghouse 
Electric & Manufacturing Company cooperated with 
the American Gas and Electric Company, the results 
of which are being reported here, were performed on 
the Southern System, or that of the Appalachian 
Electric Power Company. Since its initiation the 
work has been continued up to the present, and use was 
made of all additional equipment, such as the cathode- 
ray oscillograph, and the application of the klydono- 
graph to the recording of occurrence and current in 
direct strokes, as these applications became available. 

During the four years in which this investigation has 
been conducted, it has been paralleled by similar work 
in other localities. A number of papers and articles 
has appeared, and these, of course, have been influenced 
by all the information currently existing. Also, all the 
results of this investigation have been continuously at 
the disposal of the Lightning and Insulator Subcom- 
mittee. However, a wealth of data has been accumu- 
lated and it is felt that a complete analysis and 
summarization of these data would constitute a worthy 
contribution on the subject. Not only does it, because 
of its volume, lend weight of confirmation by smoothing 

*American Gas and Electric Co., New York, N. Y. 

{Westinghouse Elec. & Mfg. Co., East Pittsburgh, Pa. 
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out the curves of previous papers, but several records 
of special interest have been obtained which throw light 
on various phenomena not completely understood. 


.Furthermore, because of different settings of apparatus, 


previous curves have been extended. 


OBJECTIVE 


The information needed in connection with lightning 
was listed at the beginning of the investigation and 
these items have, in general, remained the objectives 
throughout the work. On many points the informa- 
tion is now fairly definite while on others it is still un- 
certain. The factors to be determined may be grouped 
under three headings, as follows: 

1. Nature of Lightning, that is: 

a. Itsmagnitude, voltage, and current. 

b. Its polarity, unidirectional or oscillatory. 

c. Its wave shape, front, duration, and tail. 

d. Its effect on transmission lines, direct or induced. 
2. Behavior of Surges on Systems, that is: 

a. Attenuation. 

b. Reflections at junctions and ends. 

c. Ability to flashover line structures. - 

3. Influence of System Characteristics, such as: 

Configuration of conductors, including height. 

Right-of-way terrain. 

Ground wires. 

Protective apparatus, lightning arresters, gaps, 
ete. 

Condition of system neutral ground. 

Tower and footing impedance. 


See oar 


rh © 


SCOPE OF INVESTIGATION 


System Investigated. The parts of the transmission 
system,! on which the investigation was concentrated 
comprised three sections of line and seven substations. 
The sections of line involved the first 9 miles out of 
Turner on the Turner-Logan line, the first 26 miles out 
of Glen Lyn on the Glen Lyn-Roanoke line, and the 
entire 24 miles of the Turner-Cabin Creek line. The 
substations where the investigation was carried on were 
Turner, South Point, Cabin Creek, Saltville, Kingsport, 
Switchback and Glen Lyn. 

The transmission lines are of two-circuit steel tower 
construction, with conductors in vertical configuration 
and in reverse phase order on each side of the tower. 

One ground wire is employed, being located at the 
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center peak of the tower except on the Turner-Logan 
line. On this line no ground wire was in service in 1927 
and 1928, the first two years of the investigation, but 
the conventional one ground wire was added late in 
1928, so that on this line field data have been collected 
on the line both with and without ground wires. 


Grading shields were in service on all lines where tests 
were made, these shields consisting of a 15 in. by 30 in. 
oblong ring at the line side and either a 30-in. horn or 
oblong strap ring at the ground end of the string. 


VAAN 


WAY 


Is 
va 


Fig. 1—Fieitp INsTaLLaATION oF KLYDONOGRAPHS, TOWER 5 


Turner-Logan line showing potentiometers and ground wire connection 


The line insulation is nominally ten 51%-in. disks in 
suspension strings, and two strings of twelve 51<-in. 
insulators each at dead ends. 

The line wires are 336,400 cir. mils. A. C. S. R. on the 
Turner-Logan and Turner-Cabin Creek lines, and 
397,500 cir. mils A. C. S. R. on the Glen Lyn-Roanoke 
line. The ground wire is A.C. S. R., being 177,000 
cir. mils, 159,000 cir. mils, and 397,500 cir. mils, re- 
spectively, on the three lines. 

The nature of the terrain over which the transmission 
lines run is very rough and mountainous, ranging in 
elevation from 600 to 3,000 feet. The soil is mostly 
shale or a mixture of shale and clay, and even solid rock 
is encountered at some locations, where blasting is 
necessary in placing the tower footings. As might be 
expected, the tower footing resistances of these lines 
are relatively high, in a number of instances exceeding 
250 ohms. The elevation, footing resistance, and loca- 
tions where flashovers were found are shown in Figs. 18, 
A, B, and Cc. 

Instruments Used in the Investigation. In studying 
lightning phenomena in the field three instruments have 
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been used, namely, the klydonograph, the cathode-ray 
oscillograph, and the direct-stroke recorder. 

The klydonograph? used was of the three or four elec- 
trode type and was coupled to the line by pipe type 
potentiometers having a ratio of about 65 to 1. A 
typical field installation of the klydonograph at a tower, 
as used in this investigation, is shown in Fig. 1. A 
close-up view of the potentiometers, together with the 
circuit arrangement as used in investigating lightning 
arrester operation, is shown in Figs. 9A and B. 

Wherever klydonograph installations were made at 
towers in the field the instrument ground was con- 
nected to a separate ground system consisting of the 
six potentiometer metal anchors and one or more 8 ft. 
ground rods, all located at least 10 ft. from the base of 
the tower. This was done in an attempt to measure 
the maximum voltage from line to ground and not the 
line to tower potential. Actually, this may not have 
been completely achieved in some cases as the separate 
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Fig. 2—Scupmatic Wrrinc DiaGramM oF CaTHopE-Ray 
OscILLOGRAPH AND PoTENTIOMETERS AT Tower 20, TURNER- 
Logan LINE 


grounds were only of the order of 25 ft. distant from the 
tower legs. At installations in the substations, the 
instrument ground was made to the station ground bus 
which had a resistance of only a fraction of an ohm. 

The cathode-ray oscillograph used was of the cold 
cathode type, using the Norinder relay, which allows 
of continuously exciting the cathode, thus insuring that 
the electronic beam is ready for recording the transient 
at the instant the transient arrives. The schematic 
diagram of the oscillograph wiring and the coupling 
to the 1382-kv. line is shown in Fig. 2. When the surge 
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to be measured arrives at the oscillograph, the excess 
potential on the trip potentiometer causes the gap G 1 to 
break down imposing a voltage from the condenser 
C 2 on the oscillograph relay plates. This allows the 
beam to focus on the film. The charging of condenser 
C5 sweeps the beam across the film, providing the 
timing circuit; and the main surge from the deflection 
potentiometer excites the surge plates causing the beam 
to reproduce the voltage magnitude of the surge. 

The field installation of the lightning laboratory 


Fig. 3—Fieitp INSTALLATION OF LABORATORY AND POTENTIOM- 
ETERS AT TowER 20, TurNER-LoGAN LINE 


housing the oscillograph, together with the trip and 
deflection potentiometers at Tower 20 of the Turner- 
Logan line where the oscillograph was in operation the 
past two lightning seasons, is shown in Fig. 3. An 
interior view of the laboratory with the oscillograph 
as employed in 1929, is shown in Fig. 4. 

The direct-stroke recorder used, and designed by Mr. 


Fie. 4—Intertor or Ligurninc Lasoratory, Tower 20, 
Turner-Locan Line, SHowina OscrntoGcraPpH AUXILIARY 
EQUIPMENT 


J. J. Torok of the Westinghouse Company, is essentially 
a small klydonograph with timing accessories omitted. 
The instrument consists of a regular telephone receiver 
shell having metal electrodes extending from both ends. 
The telephone diaphram is replaced with a photographic 
film on a micarta disk which rests on a metal plate. 
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The disassembled instrument is shown in Fig. 5 and the 
field installation in Fig. 6. The potentiometer method 
of using this direct-stroke recorder at a tower, where the 
resistance wire is in parallel with the tower footing 
resistance, is shown in Fig. 7. The point at which the 
direct-stroke recorder was tapped to the resistance wire 


View or Directr-StrokKrE RECORDER 


Fic. 6—Finitp INSTALLATION oF Drrect-STROKE 
AT THE Base or TOWER 
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was so chosen that the instrument would not flash over 
with 100,000 amperes in the tower, and yet would be 
able to record currents as low as 10,000 amperes. 
Location of Instruments. The locations of klydono- 
graphs, cathode-ray oscillograph and _ direct-stroke 
recorders are shown for all line installations in Fig. 8. 
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In addition, klydonographs were also installed at the 
South Point, Switchback, Saltville, and Kingsport 
182-kv. substations. The direct-stroke recorders were 
placed at each tower on the Turner-Logan line for the 
first 36 towers out from the Turner substation. 
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Fig. 8—Location or Ligutning Mrasurine INstRUMENTS ON 
THE Line Durine Four Years’ INVESTIGATION 


During lightning seasons the cathode-ray oscillograph 
was in service in 1929 and 19380, the direct-stroke re- 
corders in 1930, and the klydonographs in 1927 to 1930, 
inclusive. The locations of klydonographs during these 
four years are shown in Table I. 


TABLE I—KLYDONOGRAPHS IN SERVICE 


Location 1927 1928 1929 1930 
Glenlyn—Roanoke Line......... ........ LiSiewe Creer se Beereakeane 
Turner—Cabin Oreek Line....... ........ Ca A SOR Re AY een a 
Turner—Logan Line............ Pe er eee eeere Seems Sicts Serta airs 8 
Turner—Rutland Line........... Apc eta 1 nesses. My ia a oe et Ce 
Cabin Creek substation.........  ........ ae ee oe 2) 
Glenlyn substation............. Si) aey se FO se O10) eae 2(3) 
Kingsport substation...........  ......-. OC.) ex PO ot eae 24) 
Saltvilloisubstation per era. be mec aece ek 3b) he te SO ee 3) 
SOUUM LOM SUDStaulOMlseme ty teeio,  metticcrelent sian eectocteie use kame, duel islioce 
Switchback substation..........  ........ CDS Ne PN aa 2(3) 
Turner substation.............. Wi xa ens Worden see ference 1 

otal inca Cabo ete 74s eae! BOMaay fas 21 


(1) One instrument on 44-kyv. bus. 

(2) One instrument on 13.2-kv. transformer tertiary. 
One instrument on 88-ky. auto-transformer. 

(3) One instrument on 88-ky. auto-transformer. 

(4) One instrument on 132-kv. lightning arrester. 

(5) One instrument on 88-kv. auto-transformer. 
One instrument on 132-kyv. lightning arrester. 


In studying lightning arrester performance, the kly- 
donograph was used to measure both the voltage on the 
line and the discharge currents in the arrester. Zircon 
resistors were placed in the legs of the arrester and in 
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the ground connection common to the three arrester 
legs. The resistances used were approximately thirty 
and ten ohms, respectively. Zircon has the property 
of having a constant resistance under impulse condi- 
tions, and, as proved by laboratory tests after one 
year’s operation, appears to be free from aging after 
repeated use. 

The schematic wiring diagram of the klydonograph 


Fig. 9s—PoTENTIOMETER INSTALLATION AT KINGSPORT 
Merasurine VoutTace at LigHTNING ARRESTER 
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Fig. 9c—Scuematic Wiring DraGraM or KiLyDONOGRAPH 
INSTALLATION ON LiGHTNING ARRESTER 


as coupled to the circuit for the lightning arrester tests is 
shown in Fig. 9c, where one instrument measures two 
arrester leg currents, the total current and one phase 
potential. This instrument was backed up by a 
separate klydonograph on the bus measuring all phase 
voltages. This separate klydonograph was located 
about 150 circuit ft. away from the arrester connections, 
due to space limitations at the station. 

During the winters of 1927 and 1928, klydonographs 
were kept in operation at substations, where they could 
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be conveniently serviced, to observe if any troublesome 
voltages existed on the system under normal operation, 
at times when lightning was not prevalent. 


ANALYSIS OF DATA 


During the four years’ investigation there were 
recorded some 900 voltage surges yielding over 3,000 
Lichtenberg figures, 21 cathode-ray oscillograms of 
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Fig. 10—Voutrace SurGes, 1927, 1928, 1929, 1930. Trans- 
MISSION RECORDS 


oo =143 surges—lightning plus lightning and switching 
zx = 98 surges—switching 


lightning voltages on the line, and two direct-hit records. 

Klydonograph Records on Line and Substations. The 
voltages recorded on the system by the klydonograph 
have, for purposes of analysis, been classified as to 
cause into three groups: first, those due to lightning, 
or lightning and switching (the condition obtaining 
when a lightning flashover of the line causes line trip- 
out); second, those due to switching operations on the 
line itself; and third, those of unknown origin, or 
caused by disturbances on parts of the lower voltage 
system not under investigation. The first two groups 
have been further separated, as to physical location; 
one, those occurring on the line; and two, those occur- 
ring at substations. This segregation was made to 
observe the relative magnitude and frequency of 
transient voltages on the line itself, and on the sub- 
station apparatus separately. 

The record of transient voltages on the transmission 
line is given in Fig. 10, where it is shown that switching 
‘surges reach a maximum of four times normal (normal 
being taken as the crest voltage of the 60-cycle voltage 
from line wire to ground—108 kv. for the 132-kv. lines). 
The lightning voltages reach a maximum value of 26 
times normal; and 10 per cent of the surges were above 
seven times normal. 

To determine the relative frequency of these high 
lightning voltages on lines in the territory investigated, 
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the total lightning year miles for the four years of 
the investigation were computed (using total lengths of 
Turner-Cabin Creek and Glen Lyn-Roanoke and one 
and one-half miles beyond the last klydonograph on the 
Turner-Logan Line) and by using Fig. 10 the following 
Table II was obtained: 


TABLE II—LIGHTNING SURGES PER 100 MILES OF LINE PER 


YEAR 
Times normal voltage Crest kv. No. of surges 
T5225 Dols Se amt scare hoy Geren eat ee nen ye cco 10.9 
LO) s.eydiciesehchah ncaa goto 1/O60.. icsie radeon iene 8.3 
DB 9: Sats ceo eases eee EL, O20 05. achstais cooteleen ets 4.6 
1 | ane SSPE rare teem oO) BE os nea lnc tticke Pee ts 3.5 
P45) 2,700 1.0 


By comparison with previously published data, it is 
apparent that the lines investigated are in a very severe 
lightning territory. For example, they are subject to 
4.6 lightning voltages of 15 times normal per 100 miles 
of line per year. 

Lightning voltages appearing at the substations are 
not as high as those which occur on the line. The sub- 
station records are shown in Fig. 11 where the highest 
lightning voltage is 12 times normal. Only 4.5 per 
cent of the surges are above 7 times normal, or 9.2 in 
number against 14.3 on the line (Fig. 10). This would 
be expected as in every case the substations were pro- 
tected by lightning arresters and furthermore, there 
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Fig. 11—Voutace Surass, 1927, 1928, 1929, 1930. SusstTation 
RECORDS 


o = 205 lightning plus lightning and switching 
« = 170 switching 


are in general divided paths at substations into which 
an incoming surge can be dissipated. Totaling the 
substation lightning years (22 for the four-year period) 
it appears that a station is subjected in a ten-year period, 
on an average basis, to five surges above seven times 
normal (757 kv.) to two surges above ten times normal 
(1,060 kv.), and to one-half surge of twelve times normal 
(1,300 kv.). 

In addition to the surges indicated on the curve for 
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switching surges, five records were obtained which in- 
dicated from 6.2 to 9.0 times normal voltage. These 
were all recorded at Turner on the middle phase po- 
tentiometer where close physical spacing had raised the 
ratio. Therefore, these values were discounted in the 
curve, as it is believed that they were actually not 
greater than the maximum, in the order of six times 
normal, as measured on other parts of the system and in 
other investigations. 

The magnitude of switching surges at the substation 
is of the same general order as observed on the line, 
being slightly higher, however, as would be expected. 

The voltage surges of unknown origin, or due to dis- 
turbances foreign to the lines investigated, were rela- 
tively unimportant reaching a maximum of 3.8 times 
normal, except in two cases where 4.5 and 4.0 times 
normal were recorded at the end of the South Point 
132-kyv. line. 

During the two winters (1927-1928) when klydono- 
graphs were in operation at substations, the voltage 
surges recorded were very few reaching a maximum of 
3.5 times normal, and occurring at the time of switching 
operations. 

Effect of the Ground Wire—Klydonograph Records. 
The beneficial effects of the use of a ground wire are 
clearly indicated by the records obtained on the Turner- 
Logan line, as shown in Table III. 


TABLE III—LIGHTNING VOLTAGES 
ABOVE 700 KY. RECORDED ON 
TURNER-LOGAN 132-KV. LINE 
WIRES 


1927-1928 
No ground wire 


1929-1930 
One ground wire 


While the numerical order of the highest voltages 
observed are the same, as might be expected due to the 
line insulation limiting this voltage, there are three 
times as many surges of a magnitude which might be 
expected to give trouble on the line or station apparatus 
when no ground wire exists. It should also be pointed 
out that in the two years of operation with a ground 
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wire about twice the extent of line was investigated with 
the klydonograph as was the case during the previous 
two years of operation without a ground wire which 
further accentuates the indicated advantage of the 
ground wire. 

Inghtning Arrester Records—Klydonograph. Light- 
ning voltages at the two substations where investiga- 
tion was made on lightning arresters are given in Table 
IV. Inonly two cases was a discharge current recorded 
in the arrester, one of these where the maximum voltage 
on any phase was —970 kv., and the other where the 
voltage was — 1,300 kv. The corresponding discharge 
currents were — 300 and — 500 amperes. In another 
instance, at Saltville, a voltage of + 1,100 kv. was 
recorded without a current discharge measured on the 
arrester. The minimum current in the arrester which 
could be measured was about 80 amperes, which, with 
the 30-ohm Zircon resistor used, produces 2,400 volts 
on the klydonograph, which is near the low limit of 
recording. 

The arresters used are of such a rating that they 
are expected to begin discharge at a voltage of about 
700 kv. Some of the records listed in Table IV indicate 
voltages considerably above 700 kv., both with and 
without discharges. 

It should however be pointed out that three factors 
were present which might account for voltage records 


higher than those which actually existed: 


1.. The voltages were recorded some 150 circuit ft. 
from the terminals of the arrester. 

2. Tests have shown that stray fields which exist in 
the vicinity of substation structures have, under certain 
conditions, a marked influence on the klydonograph 
records. 

3. No flashover or apparatus failure occurred in the 
substation at the time. 

Ground Resistance and Line Flashover. Anattempt to 
relate line flashover to tower footing resistance proved 
futile. Reference to Figs. 184, B, and C indicates some 
tendency for flashovers to concentrate near the points 
of high elevation on the line, a fact which correlates 
with the reasonable expectation that lightning will 
strike to the most exposed points in the storm path; 
and these points are those of highest elevation. 

Wave Fronts of Lightning Surges—Klydonograph 
Records. The klydonograph records of 21 lightning 


TABLE IV—132-KV. LIGHTNING ARRESTER PERFORMANCE 


1929-1930 
Line voltage—kv. Arrester current—amperes 
Location Phase 1 Phase 2 Phase 3 Phase 1 Phase 2 Phase 3 Total 
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surges of 600 kv. and above obtained during the four 
years were analyzed to determine the wave fronts. 
The analysis is given in Table IX. It is not contended 
that this method of determining wave fronts is very 
accurate, but it is believed the record may show the 
predominating characteristics of the wave fronts. 
Fast fronts of one microsecond or less were observed in 
nine of the 21 surges, and wave fronts of the order of 
five microseconds were observed for 11 surges. Only 
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12—ATTENUATION OF NEGATIVE LIGHTNING SURGES ON 
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a—No. 233—line trip-out 
o—No, 424—line trip-out 


| | 
fet oot Slee |e [a> | 


Dp 


Fia. 


13—ATTENUATION OF Positive LigHTNING SURGES ON 
LINE, WITH AND witHouT GrouND WIRE 


a—No. 169—no line trip-out 
o—No. 424—line trip-out 


one slow front surge was observed, this being a positive 
surge of 685 kv. No positive surge with a fast front 
(one microsecond or less) was found. 

Since the records analyzed were of surges above 600 
ky., and the 60-cycle crest flashover of the line is of the 
same order, it is believed these surges were recorded 
near the point where the surge originated. The con- 
clusion is therefore drawn that at the point of inception 
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some lightning voltage surges have fast fronts, in the 
order of one microsecond or less, the corresponding 
rates of voltage rise being as high as 2,500 kv. per 
microsecond. 

Voltages on Top, Middle, and Bottom Conductors. 
At the start of the investigation it was expected to find 
some relation between the voltages observed on the top, 
middle, and bottom conductors on a transmission line. 
That no fixed relation exists on the line under service 
lightning conditions is apparent from Tables VIII, 
VI-A and VI-B. An average of all voltages in Table 
VI-A and VI-B (the highest being taken where the surge 
was oscillatory) shows 1,165 kv. on the top, 1,060 kv. 
on the middle, and 965 kv. on the bottom conductor. 
These are 100 per cent, 91 per cent, and 82.6 per cent in 
terms of relative voltage. There are individual cases, 


however, where the voltages on the bottom and middle 
conductors are equal and considerably higher than on 
the top conductor. 


148—D1reEcT-STROKE ReEcorDER RECORDS AT 
Towers 9 anv 10 


Fies. 14a, 


The conclusion drawn from these data is that over a 
period of time the top conductor will be subjected to an 
average voltage of 10 per cent higher than the middle or 
bottom conductor, and the middle conductor will be 
subjected to a voltage 10 per cent higher than the bot- 
tom conductor. Individual surges may give values 
just the reverse of this. 


In the event of induced strokes the magnitudes of the 
voltages on the various conductors in vertical configura- 
tion would be expected to be almost equal with a ground 
wire since the amount of protection afforded by a ground 
wire against induced strokes practically equalizes the 
difference in the heights above ground. Referring to 
Table VIII, the first 18 surges were recorded before the 
ground wire was installed and the last four after the 
ground wire was installed. These records show that no 
particular change in the distribution of voltages oc- 
curred as a result of the ground wire. Actually the 
differences to be expected would not be easily detected 
with the klydonograph. In general the differences 
between the voltages on the three. conductors for the 
lower valued surges were not great, which might be 


September 1931 


taken either as an indication of induced strokes or a 
direct stroke to the ground wire which did not flash over. 
In the event of direct strokes to tower or ground wire, 
which cause flashover, a random distribution of voltages 
would be expected depending upon the number of con- 
ductors which flashed over. If a flashover occurred on 
only one conductor it would be just as likely to do so 
on the bottom conductor since the coupling between 
the various conductors and ground wire would be least 


Phase Noe, 2. 
Jop. 
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Bor i Std 


Fig. 15—KuiyponocrarH Recorp at Tower 9 at THE TIME 
Recorps in Fics. 144 anp 148 WERE RECORDED 


on the bottom conductor, due to its greater distance of 
separation, and therefore the potential difference be- 
tween this conductor and the tower would be greatest. 
In case of a stroke to a conductor it might be expected 
to take place on the top conductor most often, as it is 
most exposed, and with no ground wires the top con- 
ductor should be subjected to the highest surges. The 


TABLE V—SURGE CHARACTERISTICS OF NATURAL 
LIGHTNING 
1929-1930 


Wave characteristics 


Crest 
No. Polarity Kv. Front Tail Length Lightning 
q@) (2) (3) 
CE) ate tae on i tise tes Fe Cele .10.5 ...Moderate 
PSD aes Sisco ica 180— eee 5.008 1.15.0 35.0 ...Slight 
NOE ete reese tan 1605eeee 27 Seen SOME 1500) ie iaderate 
2 Oe Sr oe 10)... Fi ZO OO tsa 0 . .Severe 
Shae ste temete ae cers CON wale 6 Indefinite . .. Moderate 
es Seid ates hotiGistar A Olga Dc Ou tO LO . .Moderate 
Cdr te ter evans TD aconavars Indefinite . ..Severe 
Siac here me nee HOOK icra Indefinite .. . Slight 
be ieee Slats: ape LOOM cians 15.0....55.0+...70.0+...Slight 
LOl aera SRA EOS ae 2.0....80.0+...80.0+...Moderate 
A Ace wets ca eee G20 ie sists ve Tndefinite . . Slight 
i WPA eae aa PE a ee 2 Oto. 2510 2225.0 . .Severe 
Loa ee sats Sin S ee aapame= gen Vapi UE 50.0 . .Severe 
Ea aches foetal 140..... 2 ).\0)4%,.26.0 .50.0 ...Severe 
Re ee ee ee at es ach LEO oe. 2.04, 9. e070 .55.0 . . Slight 
LG AAP tae Se Aa ECS Sac U2 0 Mes on 40.0 . .Severe 
Tice shee Creep oe 2350 sere 220) soz nO . 60.0 . .Severe 
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ONS. ao oek Poem A Bol) .) aaveys 35.0....80.0+...80.0+...Slight 
20 Aaa: Heed bat 350), 250... 48.0 )...80:0.5 ....Severe 
21 MAGMA, eps nese COL soe ee 4.0 ...Severe 


(1) Microseconds to crest. 

(2) Microseconds to 50 per cent crest on tail. 
(3) Microseconds to first zero. 

(4) Line trip-out. 

(5) 1929 records. 
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records show that in a large percentage of the higher 
valued surges there was a wide variation between the 
voltages on the different conductors. 


Cathode-Ray Oscillograms. During the two years the 
oscillograph was in operation, 21 oscillograms were ob- 
tained of natural lightning. The characteristics of 
these surges are shown in Table V. Excluding waves 
below 125 kv. in magnitude, also No. 20 and No. 21, 
due to line flashovers occurring at the time, this table 
may be summarized as follows: 


NATURAL LIGHTNING VOLTAGE CHARACTERISTICS 


MICROSECONDS 
Front to 50% tail . Length 
AU boi boakot cay emo eile MARE ae. oh a ESOL anaes tal ets GSM tegen eres 10.5 
Wiatimnumens dere eA ec ae OOO aie ae, SOSOn aren chat: 80.0 + 
FAN OLAG Org tet arc Ah La aN EN On ee eee ona as SOEs Lk ere hie 43.1 


The oscillograms of lightning voltage obtained at 
Tower 20 on the top phase of the Turner-Logan circuit 
under test when line trip-outs occurred are shown in 
Figs. 16 and 17. Fig. 16 shows the largest surge 
recorded, which was of the order of 1,000 kv. It is 
oscillatory in nature, having a period of the order of ten 
microseconds, with higher frequency oscillations super- 
imposed. This surge was accompanied by a flashover. 
Although it was not possible to fit these oscillations to 
readily apparent circuit constants, it is possible for 
reflection phenomena to be quite complicated, and the 
oscillations are believed to be due to reflections resulting 
from the line flashover rather than to oscillations in the 
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Fig. 16—OsciLLoGrRAM oF LIGHTNING SuRGE AT TOWER 
20 at THE Time Fias. 144 anp 148 anD Fig. 15 were RecoRDED 


lightning stroke itself. The superimposed high fre- 
quency oscillations are probably due to reflections of the 
wave between tower top and ground. 

The klydonograph record at Tower 20 correlating 
with this surge indicated voltages of + 685 and— 625kv. 
on the top phase, + 685 and — 625 kv. on the middle 
phase, and + 610 ky. on the bottom phase. Taking 
into consideration the 60-cycle potentials which in- 
fluence klydonograph records, but were eliminated in 
the oscillograph circuit, the voltages from the cathode- 
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ray oscillograph record (+ 600 and — 1,000 kv.) check 
reasonably well the klydonograph data. 

The correlating klydonograph record at Tower 9, 
Fig. 15, which is 3.07 miles from Tower 20, is interesting 
in indicating negative impulse voltages with a very fast 
front on the ground wire and top conductor, with a 
slower front negative on the middle wire, and no ap- 
preciable negative on the bottom conductor, and also 
high positive voltages on all line conductors. 

The polarity analysis of the surges recorded by the 
oscillograph shows 13 positives, 7 negatives, and one 
oscillatory. 

Records of Special Interest 

a. Arcing Grounds. All of the voltages recorded by 
the klydonograph were either unidirectional or highly 
damped oscillations with the exception of one record 
which showed a sustained oscillation similar to those 
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Fig. 17—LicutTnine Surce RecorDED aT Tower 20 


recorded on isolated neutral systems. Upon investiga- 
tion it was found that at the time this record was ob- 
tained, the system connections were such that the line 
to which the klydonograph was connected was operating 
momentarily ungrounded. The voltages recorded at 
the time were 315 ky. (8 times normal) on two phases, 
and 215 kv. (2 times normal) on the other phase on 
which the arc was later located. 

b. Bushing Flashover-Klydonograph Record. Kly- 
donographs registered a potential of 860 kv. across the 
high- and low-tension bushings of a transformer during 
a lightning storm at Glen Lyn in 1927, which checked 
with the air line distance at which breakdown would be 
expected to take place. The occurrence was attributed 
to a direct stroke of lightning to the 88-kv. system near a 
point where the 88-kv. and 132-kv. systems crossed. 
It is believed a negative direct stroke to the 88-kv. line 
transmitted a voltage to the transformer which was 
registered as — 650 kv. on the 88 kv. bushing; and the 
induced voltage on the 132-kv. line entered the station 
at the same time where it was recorded at 210 kv., 
giving a total voltage of 860 kv. 

c. Lightning Voltages and Trip-Outs. Surges re- 
corded above 600 kv., which caused line trip-outs are 
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listed in Table VI-A; those above 600 kv., which did 
not cause line trip-outs are listed in Table VI-B. As 
would be expected, many of the surges in Table VI-A 
are considerably above the 60-cycle crest flashover of the 
line insulation (about 600 kv. crest), indicating that 
some flashovers occurred on the front of the wave. 
The voltages listed which are near the 60-cycle crest 
flashover of the line are in some cases, at least, attenu- 
ated values of surges originating at some distance from 
the point of measurement. 


TABLE VI-A—LIGHTNING SURGES ABOVE 600 KV. ON 132-KV. : 
LINES RECORDED ON LINE WIRE AND CAUSING LINE 


TRIP-OUT 
Ky. 

Ref. Top Mid Bot. 
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TABLE VI-B—LIGHTNING VOLTAGES ABOVE 600 KV. NOT 
CAUSING LINE TRIP-OUT ON 132-KV. SYSTEM 


Ref. Top @ Mid. @ Bot. @ Grd. wire Where 
recorded 
20 — 710 =p SES ee a ae ee ee Substa 
fOSer aoe =) 700 2 = SOO Boies + 300. 5. ee ae Substa 
12 ee +1400... .. 419002092 A100 eens Line 
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22 eee Sect ok Jogi ee 8 BIGIG ase +30 sat eney. Line 
DAL selene 1800... —2400....- =2400 -2...02< = See. Line 
40. 40. =O sae 825s oo ee Substa 
41 SS ae a cae 640. a ¥en ese Subtsa 
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Notes: (1) On 88-kv. system. 
(2) Not recorded. 
(3) Line not energized. 


A factor which might account, in some cases, for 
recorded surge voltages considerably above line flash- 
over voltages without a corresponding trip-out is that 
when a direct hit to the tower occurs, the potential of the 
tower is altered with respect to ground due to the surge 
impedance of the tower and tower footing resistance. 
The voltage across the insulator strings, being the diff- 
ference between the potential of the line conductor and 
tower top, will not, therefore, be the same as the poten- 
tial of the conductor to ground. 
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Applying this consideration to Table VI-B fails, of natural lightning waves on the line gave a limited 
h owever, to explain an absence of line trip-out for all amount of data. These data were obtained on the 
_ cases listed, as flashover in all probability occurred for . Turner-Logan line under two conditions, first, before 

the higher valued records such as surges, references 12, the ground wire was installed; and second, after it was 
q 2 and 24. installed. Figs. 12 and 13 show the attenuation of the 
crest values of the lightning voltages over about five 
miles of line. 
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surges is very rapid, the maximum crest values in the 
order of 2,000 kv., being reduced to one-half value with- 
in about a mile. Considering the influence which the 
wave steepness and length has on attenuation and the 
indefiniteness of these values of the waves here recorded, 
these curves agree quite closely with those obtained in 
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placed at frequency intervals along the line (one mile or 
so apart) if any quantity of information is to be ob- 
tained. It is also clear from the curves in Figs. 12 and 
13 that the klydonograph data can only record the 
general order of attenuation and are accurate enough 
to indicate the trend, but not to study the effects pro- 


TABLE VII—SURGES ON GROUND WIRE 


Surge kv. 


Tower Ground Line 
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tLine not alive at this time, being out of service to install ground wire. 


*Measured at peak of tower—no ground wire. 
tHorizontal tower. 


artificial surge investigations. Where the line was not 
equipped with a ground wire, and the surge was nega- 
tive (surge 233), the attenuation appears less rapid at 
the start. The data from one surge only, however, are 
too meager to justify great confidence in the particular 
shape of the curve. 

The data obtained on attenuation of natural light- 
ning voltage surges show that klydonographs must be 


TR—Turner-Rutland Line. 
TL—Turner-Logan Line. 
GLR—Glenlyn-Roanoke Line. 
TCC—Turner-Cabin Creek Line 


duced by the presence of ground wires, positive and 
negative surges, etc., where the relative voltages to be 
measured may vary some 20 per cent or less. 

e. Surges on the Ground Wire. Voltages recorded 
on the ground wire by the fourth electrode of the kly- 
donograph with the corresponding voltages recorded 
on the line conductors are listed in Table VII. It is not 
believed these records are accurate as to voltage magni- 


¥i However, they are interesting in three re- 
. First, they are recorded only at times of light- 
‘storms. Second, of the 47 surges, 33 are positive, 
) negative, and 4 oscillatory. Third, although there 
s a tendency for the surge on the ground wire to have 


a number of exceptions where the conductor surges 
oscillatory with a unidirectional surge on the ground 
, and again where the ground wire and conductor 
ges are of opposite polarity. This condition obtains 
oth when a line did or did not trip out. 

f. Pure Lightning Surges. When the Mijn verklne pat 
» was out of service in August: and September 1928, 
installation of the ground wire, the klydonographs 


8-1-28 
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ame polarity as the surges on the conductors, there — 
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duced voltages are approximately equal in magnitude on 
all three phases when in vertical configuration, whether 
the ground wire is installed or not. 

g. Direct-Stroke Recorder Records. Two records 
were obtained on direct-stroke recorders, both being 
associated with one storm, and believed to be due to one 
lightning stroke on the Turner-Logan line. Simultane- 
ous records were obtained on the klydonographs 
between Turner substation and Tower 36. The kly- 
donogram recorded at Tower 9 is shown in Fig. 15. 
Also, a simultaneous record was obtained on the 
cathode-ray oscillograph at Tower 20, three miles dis- 
tant. This record is reproduced in Fig. 16A. | 

The maximum voltages recorded on the line conduc- 
tors of this circuit at Tower 9 were — 2,200 and + 1,850 
‘kv., — 1,700 and + 1,610 kv., and + 1,780 kv. on the 
top, middle, and bottom conductors, respectively. 


TABLE ya ees LIGHTNING SURGES ON TURNER-LOGAN nN 


to 9-24-28 


(Ground wire being installed) 


Surge ky. 
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) ea esdcia respectively, and — 35 kv. at the peak 
, was relatively high in value. This surge 


anes all others were Reg the fisher’ 
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The voltage recorded on the ground wire was — 34 ky. 
This low voltage was discussed previously under: 
“Surges on the Ground Wire.” 

- The direct-stroke records, Figs. 144 and B, indicate 
currents of — 46,000 amperes in Tower 9 and — 97, 000 
in Tower 10. ee current was roca in Tower 


e circuit 
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TABLE IX—WAVE-FRONT DETERMINATION OF LIGHTNING 
SURGES FROM KLYDONOGRAPH RECORDS. 21SELECTED 
SURGES OF 600 KV. UP 


Polarity and microsecond fronts 


Ref Location Top Mid. Bot. Gr. wire 

2... Glenlyn 88 icv ..02 2. 2. —Fast* 

4..Glenlyn 88 kv....... —Fast* 

8..Tower 4-T-R........+Slow ....+Slow ....+Slow 

LOSS Tearner Bus \5 0.4 vate —5 ....+Slow ....+Slow 

1A Tower OT Lid. cee vncters IRON a a actin bs ante +5 

-—5 
13..Tower 20-T-L....... —Fast ....+Slow +Slow 
14..Tower 14-T-L....... —5 .... = Die Fala s SE) alee —5 
TH. POWer O=0 -kin nee =) Ba ievz St Mc ierh +5 
16..Tower 20-T-L....... —Fast*....—Fast..... ~ +5 
19..Tower 14-T-L....... —Fast*.... —Fast —Fast .... —Fast 
20..Tower 68-T-CC..... —Fast*.... —5 .. —Fast 
23..Kingsport 132kv.... ct BD ie shes Ne aneaatis —5 
24..Tower 30-T-L....... —Fast*.... —Fast —Fast .... —Fast 
26.. Kingsport 132kv.... —Fast*.... —Fast —Fast 
28..Tower 162-GLR..... —5 ....—Fast ....—Fast .... —Fast 
36..Tower 9-T-L........ SHC N Se CSET Spar Ape ... —Fast 
BT LOWE Dak Lion aioe Seibert JES Ginter Pe rain +5 
38..Switchback 132 kv... = ot? ee FEB hieth.s +5 
39..Glenlyn 88 kv....... By Stace sei Deis ccol SRS 
AO. .Saltville 132 kv...... Se sie pie) Ge SHE 
42..Switchback......... —5 —5 oa. =5 
Of 21 surges:..... 9 Fast* 5 Fast* . 4 Past*....5 Fast* 


11-5 wsec...11-5 wsec...11-5 wsec...2-5 psec. 
1 Slow 3 Slow 3 Slow 


*Less than one microsecond. 


divides into multiple paths consisting of the tower, the 
ground wire in both directions, and such line conductors 
as become involved, and since the stroke current is 
further modified by the reflected wave from the ground 
when it reaches the tower top, the maximum current in 
the stroke probably is not the same as the ground cur- 
rent. Calculations for typical cases indicate that the 
latter is of the order of 120 per cent of the maximum 
stroke current. 


CONCLUSIONS 


1. In general the conclusions to be drawn from these 
tests are similar to those in previously published publi- 
cations but contain quite a number of additional points 
of considerable interest. 

2. The lightning voltages recorded on the line 
reached magnitudes of 2,500 kv. Ten per cent of the 
total recorded were above 750 kv. Reduced to a basis 
of surges per 100 miles of line per year there were nine 
surges above 1,060 kv. ,; 

3. At substations lightning voltages reached a 
magnitude of 1,200 kv. Reduced to a yearly basis 
there were 0.2 surges per substation per year above 
1,060 kv. Comparing this with the above paragraph 
it seems that a substation is equivalent to 2.2 miles of 
line in being subjected to lightning surges of this 
magnitude. 

4, Lightning surges of the order of 2,500 kv. have 
been found on a line without trip-out, which, with the 
insulation values used, indicates clearly impulse flash- 
over of the line without power follow-up. 

5. Switching surges as high as six times normal volt- 
age from line to neutral at substations and four times 
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equipment they are intended to protect. 


normal on the line were recorded, which confirms past 
data. 

6. Except at times of lightning occurrence impulse 
voltages on these transmission lines throughout the 
year are of minor importance, not exceeding 3.5 times 
normal. 

7. Attenuation of lightning surges is rapid for high 
voltages, attenuating from 2,000 kv. to 1,000 kv. in one 
mile. Keeping in mind the limited accuracy of the 
klydonograph the records indicate that the attenuation 
of lightning surges is more rapid with positive than with 
negative voltages and also it is more rapid where the 
line is not equipped with a ground wire. 

8. Lightning arresters must be placed close to the 
Voltages some 
60 to 80 per cent higher than the value to which the 
arrester should hold the voltage were recorded some 
150 ft. distant from the arrester. 

9. The beneficial effect of the ground wire in re- 
ducing the lightning voltages is indicated by the fact 
that six surges above 700 kv. were recorded during a 
period with no ground wire and only two above 700 kv. 
during a similar period when one ground wire is used. 

10. The maximum current recorded in a tower 
struck by lightning was in the order of 100,000 amperes 
which calculations indicate to be of the order of 120 per 
cent of that in the lightning stroke. The records indi- 
cate a current of 50,000 amperes in one adjacent tower 
and calculations indicate that the voltage may have 
been sufficient to flash over the line conductors on a 
total of five towers. Calculations also indicate that the 
voltage of the tower top struck was of the order of 
4,000 kv. The voltage measured at the oscillograph 
station three and one-half miles distant was one 
million kv. . 

11. The characteristics of natural lightning on 
transmission line investigated with the cathode-ray 
oscillograph show minimum and average fronts of 2.0 
and 6.2 microsecond fronts; 6.5 and 30.1 microseconds 
to 50 per cent on the tail; and 10.5 and 438.1 micro- 
seconds total lengths. A maximum front of 35.0 and 
total length of 80.0 microseconds were observed. None 
of these surges so far as is known was recorded near the 
point of origin. The majority of the waves were posi- 
tive but the highest recorded was negative. 

12. An arcing ground producing oscillatory voltages 
of three times normal to ground was observed in one 
case at a time when the system was operating un- 
grounded. This shows a type of voltage that is dan- 
gerous; but it was not as high as theoretical analysis 
shows as the maximum. 

13. Wave fronts of natural lightning recorded by 
the klydonograph apparently near the point of origin 
have indicated ‘that negative surges have wave fronts 
of one microsecond or less. Positive lightning surge 
records indicated that the fastest fronts were in the 
order of five microseconds. This indicates that nega- 
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tive lightning voltage surges initially appear on trans- 
mission lines with steeper fronts than positive waves. 

14. The relative lightning voltages on top, middle, 
and bottom conductors of a vertical configuration cir- 
cuit for voltages over 600 kv. (approximately 60-cycle 
crest flashover) appear as a matter of chance. Cases 
were observed (Tables VI-A and B) where the highest 
voltage appears on top, middle, or bottom conductor 
and also on combinations of any two conductors. In 
general there was less variation between the voltages 
on different conductors in the case of lower. voltage 
surges. It seems reasonable to assume that where a 
surge produced approximately equal voltages on the 
three conductors, and where no line trip-out occurred, 
that the surge was caused by an induced stroke and 
that where the relative voltages on the three conductors 
vary widely the surge was due to a direct stroke. 

15. The records of high voltages on the line at times 
of line trip-out (Table VI-A) indicate 60 per cent of 
these are predominantly negative and 40 per cent posi- 
tive. From a study of flashover locations and tower 
footing resistance no relation could be found between 
tower footing resistance and line flashover on this line. 

16. Surge voltages were observed on the ground wire 
only at times of lightning storms. Of these records 70 
per cent were positive, 21.5 per cent negative and 8.5 
percentoscillatory. Theoscillatory recordsare believed 
to be due to reflections on the line rather than oscilla- 
tions in the lightning stroke. 

17. Lightning voltage on a deenergized line (Table 
VIII) indicates positive voltages of approximately equal 
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magnitude on all three phases regardless of whether the 
ground wire is installed or not. The approximate equal 
and low magnitude of the voltages on the three conduc- 
tors seems to indicate that these were caused by induced 
strokes. It should also be pointed out that all of these 
voltages were positive. No high or negative surges were 
recorded during the period when the ground wire was not 
installed. 
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Experimental Studies in the Propagation of 
Lightning Surges on Transmission Lines 


BY 0: BRUNE* 
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Synopsis.—A discussion is given of cathode-ray oscillograms 
showing the attenuation and distortion of artificial lightning surges 
on a power transmission line, the voltages induced by such surges in 


and 
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parallel wires and the effect on tower footing impedance of earth wires 


or counter poises. 
* * * * * 


INTRODUCTION . 


HE study of the laws of propagation of electro- 

magnetic waves along parallel conductors has 

become of increasing interest to the power engi- 
neer, since it was realized that these waves play an 
important part in lightning disturbances on power 
transmission systems. 

Electromagnetic wave propagation has received 
considerable theoretical treatment at the hands of the 
telephone engineer! and exact formulas for attenuation 
and distortion have been derived under certain simpli- 
fying conditions. The conditions existing in lightning 
surges however, differ in several important respects 
from those encountered in electrical communication in 
that the circuit parameters (inductance, resistance, 
capacitance, and leakance) cannot be treated as con- 
stants, but must be considered as variable. As mathe- 
matical analysis consequently becomes very compli- 
cated, the experimental -approach-to the problem seems 
particularly desirable. 

The present paper presents some of the results of 
experimental work which has been carried out during 
the last two summers on the 8.19 line of the Consumers 
Power Company between Croton Dam and Grand 
Rapids, Michigan. The work was done by the Re- 
search Section of.the Lightning Arrester Engineering 
Department, General Electric Company, Pittsfield, 
Mass., and the Production and Transmission Depart- 
ments of the Consumers Power Company of Michigan. 

Previous papers have reported on different aspects 
of this work and described the equipment used.” 
High-voltage surges were applied to the transmission 
line by means of an impulse generator generating one 
and one-half million volts on open circuit. The surges 
were measured at any desired point on the line by 
means of a portable cathode-ray oscillograph which 
was connected to the line through a resistance potenti- 
ometer. 


J. ATTENUATION AND DISTORTION 
Choice of Wave Shapes. It had been shown by sphere- 
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gap tests’ that the rate of attenuation of a surge was 
affected by its voltage, polarity, wave-shape, and its 
distribution over one or more conductors. Accordingly, 
certain test waves were chosen to bring out these 
features in particular. 

A selection of the oscillograms obtained is shown in 
Fig. 1. For more ready comparison, these have been 
replotted to a uniform time and voltage scale in Fig. 2. 
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ing these oscillograms is the clearly defined point on 
the front of the wave at which the effect of corona 
becomes evident on’ the high-voltage surges; it is also 
evident that the wave is attenuated much more rapidly 
above corona voltage than below it. (The calculated 
value of critical corona voltage is 85 kv. for a surge on 
one conductor, 125 kv. for a surge on three conductors 
in parallel.) 


Resistance. It can also be seen however, that there 
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are other influences besides corona affecting the surge. 
This is most clearly brought out by the oscillograms of 
low-voltage surges in which the voltage is too low for 
corona to play any appreciable part (there will always 
be a little corona on sharp points of insulator fittings, 
etc.). 

On these surges we see the type of change to be 
expected from series resistance in the line. A physical 
picture of this type of attenuation and distortion can be 
obtained in the following way: 

Consider a rectangular wave of finite length. This is 
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associated with a fixed amount of electric charge on the 
line. Assuming noleakancein the line, the amount of this 
charge remains constant although its distribution on the 
line may change. Then imagine that the resistance in- 
stead of being distributed is lumped at regular intervals. 
Atevery point at which the surge strikes such a lumped 
resistance, one part of the wave will be transmitted as a 
rectangular wave, while the remaining part will be 
. reflected. The front of the wave will therefore undergo 
a continuous attenuation. The reflected portion will 
however, again be reflected on its way back so that 
ultimately it contributes an increase of voltage in the 
tail of the forward-going wave. If the resistance is 
distributed instead of lumped, there will not be separate 
waves but the distortion of a single wave shown in Fig. 
3a. The very front of the wave will suffer the greatest 
attenuation; succeeding parts will be attenuated less 
and less and the whole wave will be lengthened in such 
a way that although the voltage of the wave is de- 
creased, the total charge still remains constant. Sucha 
change may be noticed on the oscillograms of the low- 
voltage waves. 
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It will also be noticed that the front of the low-voltage 
waves becomes less and less steep as the surge proceeds 
along the line. A constant series resistance in the line 
leaves the perpendicular wave front unchanged; but a 
constant resistance is not physically possible with a 
perpendicular front on account of skin-effect which 
would make the resistance infinite for such a front. 
This effect makes the resistance higher, the steeper 
the slope of the wave, and so has the effect of decreasing 
the slope of a very steep wave. The effect on wave 
shape as calculated theoretically’ is shown in Fig. 3b. 
These effects are all observable in the oscillograms of 
waves Land N (Fig. 1). 

A striking fact is that for a surge on three conductors 
the slope of front decreases more rapidly than for a 
surge on one conductor. <A possible explanation of this 
is that the higher concentration of current in the earth 
in the case of three conductors increases the effective 
ground resistance. Another cause may be found in 
the mutual effect between conductors. This effect 
will be discussed more fully in Section II of this paper. 

Distortion. Returning to the case of the high-voltage 
surges, it will be seen that in these also the maximum 
voltage is decreased while the whole wave is increased 
in length. Frequent attempts have been made to 
calculate the effect of corona by assuming an equivalent 
leakance, suggested by the fact that the power loss for 
steady alternating voltages is approximately’ propor- 
tional to the square of the voltage. It is possible 
however, to get a physical picture of the effect of 
leakance in the same way as was done for series resis- 
tance, and it will be found that attenuation in this case 
is accompanied by a distortion which decreases the 
length of the wave. (In the so-called distortionless 
line of telephone theory, resistance and leakance balance 
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each other in such a way that the distortion produced by 
one is exactly equal and opposite to the distortion 
produced by the other.) This is not the effect of corona 
observed experimentally. Closer consideration will 
show that the conception of corona loss as a leakance is 
erroneous, since the corona does not, except at very 
high voltages near sparkover, establish a conducting 
path by means of which charges may leak off the line. 
Usually the area surrounding a conductor becomes 
conducting only within an envelope of limited radius. 
As the voltage rises above corona voltage, charges enter 
this envelope thereby decreasing the voltage on the 
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front of the wave. The charge which enters this enve- 
lope will remain there as long as the voltage of the con- 
ductor is high; when it falls the charge will return to the 
conductor, thus holding up the voltage on the tail of the 
wave. In this exchange of charge between the con- 
ductor and the corona envelope energy is lost, but no 
charge." 

The process has some similarity with the discharge 
of one condenser into another through a resistance, the 
difference being that on the transmission line the 
quantities are distributed instead of lumped and the 
magnitude of these quantities depends upon the voltage. 

Attenuation. In Fig. 4 are shown curves of maximum 
voltage plotted against distance of travel of selected 
surges. These curves. may be called attenuation 
curves, but in fact they involve both attenuation and 
distortion unless we define attenuation in a very 
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special way. The difficulty arises from the fact that 
the wave shape of the surge is continually changing, 
and as we have seen, the rate of decrease of maximum 
voltage depends on the wave shape. 

It is however, possible to get a great deal of informa- 
tion from the curves in Fig. 4. They bring out very 
clearly the fact that positive surges are attenuated (and 
distorted) more rapidly than negative surges by corona. 
They show also that short waves are attenuated more 
rapidly than long waves (compare e. g., waves I and J 
with waves A and B). 

Surge on Three Conductors. A comparison of the 
rate of attenuation of a surge on three conductors with 
that of a surge on one conductor is not immediately 
possible because the wave shape of surge C, for example, 
is not the same as that of surge A. It is much shorter 
and would therefore be expected to attenuate more 
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rapidly than A, other things being equal. A better 
comparison is obtained by considering surges C and I 
which are of approximately the same length at a voltage 
of about 600 kv. Considering the “attenuation” 
curves of Fig. 4 for these waves, it is seen that surge C 
attenuates more slowly than surge J; the same is true 
of surges D and J. Thus we are led to the conclusion 
that if the voltage and wave shapes are the same, a 
surge on three conductors will attenuate more slowly 
than the corresponding surge on one conductor. This 
is in accord with the fact that, if the same voltage is 
produced by a charge on a single conductor as by charge 
distributed on three conductors, the voltage gradient 
will be greater around the single conductor than around 
each of the three conductors; therefore corona would 
appear more readily in the former case than in the 
latter. 

Ground Wires. The dotted curves in Fig. 4 (waves 
A and B) show the attenuation of these waves when one 
of the remaining conductors was grounded at frequent 
intervals along the line. The differences between this 
case and that without ground wire are slight, but the 
indications are that the ground wire increases the rate 
of attenuation at very high voltages but decreases it at 
the lower voltages. At very high voltages corona would 
appear on both the line and the ground wire, while at 
lower voltages corona will not appear on the ground 
wire, and the only effect of the ground wire would be to 
decrease the effect of ground resistance. 

This is in agreement with the results obtained in 1929 
where, because of the low voltages used, only the latter 
effect was noticed. ; 


II. SURGE VOLTAGES INDUCED IN PARALLEL 
CONDUCTORS 


The theory of induced surges in parallel conductors 
was very early developed by K. W. Wagner‘ for the 
case of the non-dissipative line. Wagner’s formulation 
has been used by many authors, principally in the more 
recent theory of ground wires.® Briefly, this theory 
leads to a set of simultaneous linear equations express- 
ing the surge voltage on any conductor in terms of the 
surge currents on all the conductors. (The usual con- 
vention is observed of regarding all voltages as being 
composed of two traveling waves proceeding in oppo- . 
site directions.) The coefficients in these equations are 
known as the self and mutual surge impedances of the 
conductors. 


Because of the linear relationships in these equations 
an induced surge will have exactly the same wave shape 
as the inducing surge. An isolated conductor will have 
a potential due to its position in the field but no current 
along the conductor. 

During the summer of 1929 sphere-gap measurements 
of induced voltages on an isolated conductor were made 
and it was found that the ratio of induced to inducing 
voltage increased as the surge proceeded along the line. 
Since there was considerable attenuation, it was natural 
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to expect that the theory of the non-dissipative line 
would not hold accurately. 

Further light is thrown on this phenomenon by the 
oscillograms now available. <A selection from these is 
shown in Fig. 5. In these oscillograms it will be seen 
that the wave shape of the induced surge is appreciably 
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different from that of the inducing surge. For both 
the positive and the negative wave the voltage of the 
induced surge is lower at the beginning and higher later 
on than that due to the field of the inducing surge; in 
the case of the negative surge the induced voltage is 
actually of opposite polarity at the beginning. It seems 
probable that the difference between positive and nega- 
tive induced surges is due to the fact that the electric 
field is more affected by the corona envelope for the 
positive than for the negative surge. 

That this peculiarity in the induced wave is not pro- 
duced only when corona is present is shown by the fact 
that it also exists on low-voltage surges; Fig. 6 shows 
such a case. It resembles more nearly the negative 
high-voltage case than the positive, which is in accord 
with the fact that for the same voltage the negative 
corona envelope is smaller than the positive. 

In Fig. 7 is shown the induced voltage at a point one 
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mile from the impulse generator end of the line. Only 
the beginnings of a divergence from the wave shape of 
the inducing surge are here seen. The cumulative 
effect of this divergence is brought out very clearly in 
Fig. 8. It appears as though there is a continuous sepa- 
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ration of charge taking place within the induced surge 
(for in no other way than by a separation can charge of a 
definite polarity appear on an isolated conductor). 
Charge of the opposite polarity to that of the main surge 
collects in the front of the induced surge, thus decreasing 
the resultant voltage there, while charge of the same 
polarity increases the voltage in the latter portion of the 
induced surge. 

It is not easy to see the mechanism by which this 
separation takes place, but it seems that it must be in 
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some way connected with the process of attenuation 
and distortion of the main wave. Not only is the self 
surge impedance no longer a constant for wave propaga- 
tion on a dissipative line, but also the mutual surge im- 
pedances have become more complicated operators. 

It is now easy to see how an induced voltage of this 
nature will affect the propagation of a surge on three 
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conductors so as to produce that flattening of the front 
which was noticed in the foregoing section of this paper 
(Fig. 2, waves C, Dand N). 


III. COUNTERPOISE 


General. The use of counterpoise has been sug- 
gested to improve grounding conditions in high resis- 
tance soil, especially in connection with ground wires. 

The tests to be described in this section were con- 
ducted to determine the effectiveness of counterpoise 
and the relative merits of different arrangements. 
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An effort was also made to obtain a clearer insight into 
the manner of action of the counterpoise. 

Considering for a moment the action of the counter- 
poise from the standpoint of theory it is evident that 
there will be two factors tending to reduce voltage at 
the tower footing; namely, the capacitance of the 
counterpoise to ground (in which true ground potential 
will occur at an appreciable depth below ground level) 
and a conductance effect due to the leakage of charge 
from the conductor into the soil. On surge voltages 
however, time will be necessary for the whole length of 
the counterpoise to come into action; there will in fact 
be a traveling wave effect on the counterpoise which will 
behave like a line with very high leakance; this includes 
the possibility of reflections from the remote (open) end 
making themselves felt at the tower footing end. 

Method of Tests. For the purpose of these tests a 
location of very high soil resistivity was chosen. Ata 
tower whose footing resistance measured (50 cycles) 
approximately 400 ohms, various arrangements of 
counterpoise were connected and a surge was discharged 
directly from the line into this grounding system. Ata 
distance of 40 ft. from the tower leg a probe was driven 
to provide a reference ground and the voltage of the 
point at which the line was grounded was measured 
relative to this reference ground. In some tests the line 
was grounded through a known resistance; the voltage 
across the resistance was used to measure the current 
flowing into the ground. 


A. Variation of Length of Counter poise 

Test Results. In Fig. 9 is shown replotted to a uni- 
form scale, a number of oscillograms of surge voltages 
taken at the point of grounding with various lengths of 
counterpoise. 

It will be seén that extending the counterpoise in two 
directions produces practically double the effect of 
extending it in one (the voltage of curve 1 is not half that 
of curve 2, but it must be remembered that the voltage 
at this junction involves also the surge impedance of the 
line). 

Curve 3 coincides with curve 2 for practically six 
microseconds, after which curve 3 lies slightly higher. 
It seems reasonable to attribute this rise to a reflection 
arriving back from the end of the 1,050 ft. of counter- 
' poise. A similar rise is evident in curve 4 but begin- 
ning much earlier; namely, about three microseconds 
from the start. This is in accord with the supposition 
that these rises are caused by reflections, since the times 
are approximately in the ratio of the respective lengths. 
(It is also interesting to note that this gives a velocity 
of propagation of approximately 375 ft. per microsecond 
in the counterpoise.) In curve 5 is noticed for the first 
time an increase in maximum voltage, because now the 
reflection has arrived back before crest voltage. There 
_ isalso evidence of two reflections in this case. 

In deciding how much advantage is to be gained by 
increasing the length of the counterpoise, it is clear that 
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for this particular case no great advantage is gained by 
extending the counterpoise further than 1,000 ft; but 
this already involves two spans so that if we are dealing 
with a region of high resistance it involves going the 
whole distance from one tower to the next. How much 
shorter than 1,000 ft. the counterpoise can be made 
without losing a great deal of its effect will depend on 
the length of surge to be expected, particularly on the 
length of wave front; for example, a length of 500 ft. is 
quite satisfactory for the waves used on these tests, 
but would not be so for a wave having a six microsecond 
front. That a great deal can be gained by increasing 
the number of directions in which counterpoise is laid is 
evident, but there are obvious limitations to the distance 
possible in any direction other than parallel to the line 
because of questions of right-of-way. 
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Counterpoise 1,527 ft. west and 921 ft. east 
Counterpoise 1,527 ft. west 

Counterpoise 1,056 ft. west 

Counterpoise 529 ft.\ west 

Counterpoise 225 ft. west 

Tower footing alone 

Line not grounded 
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B. Current and Voltage at the End of Counterpoise 


In Fig. 10 are shown plots of current entering the 
ground (counterpoise) at the point of grounding, to- 
gether with the voltage at this point. Itisimmediately 
apparent that current and voltage are not proportional; 
in-fact, the ratio of current to voltage increases with 
time. We have here another case of non-constant surge 
impedance, chiefly on account of the high leakance of 
the counterpoise. 

If a constant voltage be impressed at the end of a line 
with leakanee, it is clear that the current at this end will 
increase with time although the voltage remains con- 
stant. This is due to the effect of the leakance at dis- 
tant points being reflected back to the source at suc- 
cessive points of time; if the length of the line were 
infinite the current at the end of the line would ulti- 
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mately become infinite (provided the resistance of the 
line is zero). On the other hand, if the voltage at the 
end is not held constant but is supplied through a re- 
sistance (as in the case of grounding a rectangular wave 
of surge voltage on a line by a counterpoise, where the 
surge impedance of the line enters as a series resistance) 
the voltage will decrease as the current increases to- 
wards a constant value. Consequently a counterpoise 
becomes more and more effective as time goes on, 
provided the counterpoise is long enough. This is of 
importance in considering the effectiveness of counter- 
poise on different wave fronts. It is clear that for a 
counterpoise of unlimited length, the smallest effect 
on maximum voltage would occur on surges of shortest 
wave front. For a surge of rectangular front, leakance 
would have no effect initially, the entire effect. of the 
counterpoise then being equal to that of a resistance 
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tests being made to check this, but this conclusion eke 
the voltage-current relationship is plain. 
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This last fact is important in view of the increasing 
weight of evidence that direct strokes are a major factor 
in producing outages. In this case flashover would be 
produced by the tower rising to a sufficiently high 
potential above that of the line and the object of the 
counterpoise would be to keep the tower footing im- 
pedance low enough to prevent this from happening. 
It is reasonable to believe that a direct stroke on a 
tower would produce a voltage wave of very steep 
front on the tower approximating the condition of 
rectangular front discussed above. 


SUMMARY 


Attenuation and Distortion 

1. Lightning surges undergo considerable changes 
both in crest voltage and in wave shape in traveling 
along transmission lines. 
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2. Attenuation is more rapid above corona voltage 
than below. 

3. Positive surges are attenuated more rapidly by 
corona than negative surges. This fact will influence 
the interpretation of lightning measurements made by 
surge recorders and other instruments inasmuch as 
surges of equal magnitude but opposite polarity at the 
point of origin will not be equal at the point of mea- 
surement. 

4, On both positive and negative waves the attenua- 
tion is accompanied. by a distortion which lengthens 
the wave. 

5. The rate of voltage rise (or fall) decreases as the 
surge proceeds along the line. 

6. Short waves attenuate more rapidly than long 
waves. This and (5) means that a lightning surge 
chopped by insulator flashover becomes relatively harm- 
less after traveling one or two miles, since it will be of 
low crest voltage and will also have lost all abrupt 
changes in magnitude. 

7. There is an appreciable attenuation of low-volt- 
age (below corona) surges, probably mostly due to 
ground resistance. 

8. A surge on three conductors in parallel is atten- 
uated less rapidly by corona than a surge of the same 
voltage and wave shape on one conductor. 

9. The front of a surge is slowed down more rapidly 
when the surge is on three conductors in parallel than 
when it is on a single conductor. 


Surge Voltages Induced on Parallel Conductors 


10. A surge on one conductor induces on a parallel 
isolated conductor a voltage which is initially of 
approximately the same wave shape as the inducing 
surge and of the order of magnitude to be expected from 
its position in the field of the inducing surge. 

11. The ratio of the maximum voltage of induced 
surge to the maximum voltage of inducing surge increases 
as the surge proceeds along the line. 

12. As the surge progresses there is a cumulative 
divergence between the wave shapes of the induced and 
the inducing surges in which the front of the induced 
surge tends to acquire a charge opposite in polarity to 
that of the inducing surge, while the latter portion gains 
a charge of the same polarity; it is this gain in the latter 
portion of the surge which accounts for the increased 
ratio noted in 11, while the tendency for the front to 
assume opposite polarity produces the flattening of front 
noted in (9) above. 


Counter poise 

13. The impedance offered to surge voltages by 
tower footings is materially reduced by the addition 
of a counterpoise. 

14. A counterpoise behaves like a line with very 
high leakance. 

15. Depending on the length of the counterpoise, 
reflections from the remote end will be noticeable in the 
voltage at the end connected to the tower. 
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16. The first and all successive reflections will be 
attenuated to a negligible value if the counterpoise 
extends beyond a certain distance. 

17. The ratio of current to voltage at the tower end 
of the counterpoise increases as the effect of the leakance 
of distant portions of the counterpoise is reflected back 
to this end. 

18. An increase in the number of directions in which 
counterpoise is laid, increases the “surge admittance” 
of the counterpoise practically in proportion (this will 
be true as long as the mutual effect between the different 
conductor lengths is negligible). 

19. The effectiveness of the counterpoise depends, 
among other things, on the length of front, as well as on 
the total length of the wave. The effectiveness de- 
creases with increasing slope of front and for the 
extreme case of a perpendicular front is a minimum 
being equal to the surge impedance of the counter- 
poise with no leakance. 
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Discussion 
For discussion of this paper see page 1146. 


Lightning Investigation on Transmission 
Lines—I] 
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Synopsis.—The results of a five years’ investigation of the 
effects of lightning on transmission systems are reviewed. It is 
concluded that direct strokes play a prominent part in causing 
flashover. Induced strokes are also important. 

Conventional overhead ground wires with low tower footing 


N previous papers’? the authors have summarized 
the results obtained for four years (1926, 1927, 1928 
and 1929) in a surge voltage investigation conducted 

by the General Electric Company in cooperation with 
various power companies. 

In 1929 and 1930 progress in this investigation was 
greatly accelerated. This was partly due to concentra- 
tion of the work on a few systems and largely due to the 
liberal use of several new instruments especially de- 
veloped by the General Electric Company for this 
investigation. 


INSTRUMENTS USED IN THE INVESTIGATION 


The surge-voltage recorder of the two electrode type.‘ 
Approximately 250 of these instruments were in use. 

The cathode-ray oscillograph.’ Six of these instru- 
ments were in use. 

The field intensity recorder and rate of change of field 
intensity recorder. One instrument of each kind was in 
use in 1929, and three field intensity recorders in 1930. 

The severity meter® introduced in 1980. Eleven in- 
struments were in use. 

The lightning stroke recorder. 
instruments were in use in 1930. 

The surge indicator’ introduced in 1930. About 1,500 
of these instruments were in service. 


SYSTEMS ON WHICH INVESTIGATION WAS CONDUCTED 


In 1929 and 1930 the work was concentrated mostly 
on the Pennsylvania Power & Light Company’s Wallen- 
paupack-Siegfried line, the Ohio Power Company’s 
Philo-Canton line, and the Atlantic City Electric 
Company’s Deepwater-Pleasantville line (the last 
mentioned in 1980 only). In addition, an investigation 
was conducted with artificial lightning on a 45-mile, 
70-kv. line of the Consumers Power Company in 
Michigan. 

See companion papers for details of the investigation 
on these systems.*” 

The main change on the Wallenpaupack-Siegfried 
line in the 1980 set-up as compared with the 1929 set-up 
was the removal of the lightning laboratory from tower 


About 800 of these 
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resistance take care of direct strokes, as well as induced strokes, 
and prevent flashover. The mechanism of the lightning stroke is 
not yet understood, but the indications are that polarity effects are 


highly omportant and must be given full consideration. 
* * * * * 


1-3 near Wallenpaupack to tower 23-4 of the Siegfried- 
Roseland section (at Cherry Valley). 

In this laboratory two cathode-ray oscillographs were 
installed, one operating with a 50-microsecond time 
axis and the other with a 2,000-microsecond time axis. 
Both oscillographs were connected to phase X of the 
transmission line. 

In 1929, a ‘‘counterpoise” was installed parallel to the 
line conductors and trenched in the ground, connecting 
the bases of the towers from tower 11-4 to tower 14-1 
of the Wallenpaupack tap section of the Wallenpaupack- 
Siegfried line. In 1930, four tower footing grounding 
cables, each 50 ft. long, extending out in four directions 
from the bases of the towers and trenched in the ground, 
were installed at each tower from tower 1-4 to tower 11-3 
and from tower 14-2 to tower 20-2 of the Wallenpaupack 
tap section of the Wallenpaupack-Siegfried line. 

Two “lightning diverter wires,’ 180,000 cir. mils 
A. C. 8. R. extend over the line conductors from tower 
22-1 to tower 25-4 (18 consecutive towers) of the 
Wallenpaupack tap section of the Wallenpaupack- 
Siegfried line. These were installed in June 1930. 

Each tower of the Wallenpaupack-Siegfried line was 
equipped with a lightning stroke recorder and each 
insulator string with a surge indicator. 


RESULTS OF INVESTIGATION 
1. Crest Value of Surges due to Lightning and Switching. 

Lightning surges up to 3,000 kv. in magnitude have 
been measured on the Wallenpaupack-Siegfried line, or 
16.7 times normal crest value line-to-neutral voltage. 
This is approximately 58 kv. per ft. of height of conduc- 
tor. On the Ohio system lightning surges up to 1,640 
kv. or 15.2 times normal have been measured. It ap- 
pears that the limit for these values is set by the line 
insulation, and that this limit increases as the line 
insulation is increased. 

Fig. 1 gives a curve of lightning voltage measured by 
surge-voltage recorders (times normal line-to-neutral 
voltage) against percentage of time occurring. The 
data are based on a study of 678 surges due to lightning, 
occurring on 14 systems during the years 1926 to 1930 
inclusive. Fig. 1 also shows a curve of switching surges 
measured by asurge-voltage recorder, based on 724 surges 
occurring during the years 1927 to 1930 inclusive on 
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practically the same systems from which the lightning 
data were taken. 
2. Flashovers and Trip-outs Caused by Lightning. 

The development and installation of the surge indica- 
tor and the use of the high-speed magnetic oscillograph 
at the line terminals, greatly assisted in the study of 
insulator flashover and trip-outs on the Pennsylvania 
system. By means of the data from these instruments 
supplemented by data from the slow-sweep (2,000 
microseconds time axis) cathode-ray oscillograph and 
the lightning-stroke recorders, it was possible in 1930, 
for the first time, to locate the point of breakdown with 
reasonable certainty for about two-thirds of the light- 
ning trip-outs. 

On the 220-kv. lines in Pennsylvania for the five-year 
period, 1926 to 1930 inclusive, the Wallenpaupack- 
Siegfried line had 324 flashovers of insulator assemblies. 
In addition, there were 19 relief gap operations at 
Wallenpaupack and Siegfried. For the three-year 
period, 1928 to 1930 inclusive, the Plymouth-Siegfried 
line had six flashovers, the Conowingo-Plymouth line 
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OccURRING, FOR LIGHTNING AND SWITCHING 


Based on data from 14 systems for years 1926 to 1930 inclusive 


No. 1 three, and the Conowingo-Plymouth line No. 8, 
four flashovers. 

Each outside conductor on the Wallenpaupack- 
Siegfried line suffered two to three times as many flash- 
overs as the middle conductor. The majority of 
flashovers involved only one phase and one or two 
assemblies, but in one case as many as three phases and 
four assemblies were involved. — 

During the five-year period, 1926 to 1930 inclusive, 
the Wallenpaupack-Siegfried line tripped out 98 times. 
During the three-year period, 1928 to 1930 inclusive, 
the Plymouth-Siegfried line tripped out five times, the 
Conowingo-Plymouth line No. 1, four times, and the 
Conowingo-Plymouth line No. 8, five times. 

On the Wallenpaupack-Siegfried line in about 80 per 
cent of the cases only one phase was involved in a 
trip-out. 


8. Direct-Stroke Records. 


In 1930, after June 1, 18 records were obtained on the 
Wallenpaupack-Siegfried line with lightning stroke re- 
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corders. These have been interpreted as indicating 
direct strokes. 

The list is divided into two groups, the first group of 
10 or 11 are associated with trip-outs and the second 
group of 8 or 7 are not associated with trip-outs. The 
strokes associated with trip-outs took place on the 
section of line not equipped with overhead ground wires, 
while 7 strokes not associated with trip-outs took place 
on the section of line equipped with overhead ground 
wires or diverter wires. 

Of the 24 trip-outs experienced on the Wallenpau- 
pack-Siegfried line in 1930, 8 took place before the 
lightning recorders were in operation. Of the remaining 
16 trip-outs, 10 or possibly 11 were interpreted to be 
associated with direct strokes. In four cases, no light- 
ning stroke records were obtained and the remaining 
one or two cases were indefinite. 

On the Ohio Power Company’s 132-ky. Philo-Canton 
line, 130 lightning stroke recorders were installed in the 
vicinity of Newcomerstown. Many interesting records 
were obtained, involving in some cases as many as five 
adjacent towers. On the Atlantic City Electric Com- 
pany’s system, 200 recorders were installed. Some 
records involved as many as six towers. 

On the Philadelphia Electric Company’s 220-kv. and 
66-kv. systems about 65 recorders were installed and 
some interesting data obtained. 

In a high percentage of the cases the direct strokes 
recorded on the Ohio Power, Atlantic City, and Phila- 
delphia Electric Companies’ systems were not accom- 
panied by trip-outs. All of these lines were equipped 
with overhead ground wires. 


4. Cathode-Ray Oscillograms. 

During 1928, one cathode-ray oscillogram was ob- 
tained on the Wallenpaupack-Siegfried line; during 
1929, 95 oscillograms and during 1930, 28 oscillograms. 
These are of a wide variety of shapes and durations. 
The origin of some of the surges was near and some far 
from the oscillograph. 

In 1980, there seemed to be a tendency for the waves 
to have a certain general shape, if the phase on which the 
oscillograph was installed was involved in the fault, 
while another distinct shape of wave was recorded if 
the phase on which the oscillograph was connected was 
not involved in the fault. 

One oscillogram was obtained of a direct stroke, which 
apparently hit the conductor to which the oscillograph 
was connected, on the span adjacent to the laboratory. 
About 3,000 kv. negative was recorded on this conduc- 
tor, both by cathode-ray oscillograph and surge-voltage 
recorder. On the other two conductors not over 1,620 
kv. negative and 720 kv. negative, respectively, were 
recorded by a surge-voltage recorder, and on the 50-ft. 
antenna adjacent to the transmission line no voltage 
was recorded. 


5. Storm Severity 
The average storm severity on an arbitrary scale as 


ks, May to September, varied from one to two. 
wo stations in Colorado the average storm severity 
ight weeks in July, August, and September, was 9.3 
one station and over 10 at the other. 


| 6. Overhead Ground Wires 


On the section of the Wallenpaupeck-Siegfried line 
- equipped with overhead ground wires and counterpoise, 
tower WT-11-4 to tower WT-14-1 (14 towers in all), 


1930 were as follows (the counterpoise was in service 
_ in the last two years only): 


Taste I 
., . | Flashed — 
insulator 

Year assemblies © 
1926 (No overhead ground wires). . | 6 
1927 (Ground wires installed). ... 9 
GD Siena Petts Oraoek totes hiootcnce i 14 
1929 ou aro installed)...... 0 
Los NA, LIP MS Wat 0 


Division, N. E. L. A., has gathered data for several 

years on the performed of transmission lines in its 
district, and has made a special study of the effect of 
overhead ground wires. — 

~The miles of line under observation equipped with 


in 1927 to 2,660 miles in 1929. The miles without 
overhead ground wires have decreased in the same 
period from 759 to 673 miles. The interruptions per 
100 miles of line due to lightning on the lines with 
overhead ground wires have increased from 5.8 in 1927 
to 7.0in 1929. On the lines not equipped with overhead 
- ground wires interruptions per 100 miles have increased 
from 12.2 in 1927 to 20.9 in 1929. The indications 
from this study are that from two to three times as 


- ground wires as on the lines Sue overhead ae 
_ wires. 

- The American Gas & Blectric Co. operates a very 

; ve 132-kv. network in Ohio, Indiana, West 

» and Virginia (approximately 1,800 miles). 

etwork is divided into 24 lines, all but two of 

{U ipped ie nies ge wires. On 


oe Vern tN ee ey, ees ee ee 


the flashed insulator assemblies for the years 1926 to. 


The Overhead Systems Committee of the Great Lakes | 


overhead ground wires have increased from 1,400 miles 


many interruptions occur on the‘lines without overhead | 
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ft. above top conductor. The lines pass through farm, 
meadow, and swamp lands, and the towers have a 
naturally low-footing resistance. Whereas the total 


_ Interruptions on this system in 1930 were 231, only two 


of these took place on the 66-kv. system and four on 
the 132-kv. system. The remainder took place on the 
13.2- and 26.4-kv. systems. This territory is subjected 
to a normal amount of lightning. 

The Philadelphia Electric Co. has a rales of 66-kv. 
double-circuit steel tower lines, with two overhead 
ground wires placed vertically above the outermost 
(middle) conductors. These lines in general are sub- 


jected to a limited number of interruptions, but one 
‘line in particular, that from Philadelphia to Chester, a 


distance of 14 miles, has operated 14 years without an 
interruption due to lightning. The distinguishing 
feature of this line is that throughout the entire length 
the line follows a double-track railroad, with the tower 
structures located a short distance from the nearest 
track rail. 
throughout practically its entire length, the distance 
between the line and river varying greatly. The tower- 
footing resistances on the line are unusually low and 
uniform (of the order of 4 ohms). This line is in terri- 
tory which is subjected to about the same number of 
storms per year as the Pennsylvania Power & Light Co. 
system and the storms are apparently of comparable 
severity as measured by the severity meters. 


7. Direct and Induced Strokes. 


It is quite important to know how relatively frequent 
are direct and induced strokes, the magnitudes of poten- 


tials placed on the power conductors by such strokes 


and the effect of overhead ground wires and other 
protective measures against such strokes. 
tunately, reliable data on this subject are still largely 
missing. Some of the meager data that are available 
are examined. 


In a recent paper” appear the statements given in 1 the 


following three paragraphs: 


Observations by skilled engineers show conclusively that 
lightning strokes within 44 to 2 miles from the line resulted in 


- surges having values not over the line voltage. 


In May, 1930, a photograph was taken of a lightning stroke 
which hit the earth 1,600 ft. (estimated by sound) from a cathode- 
ray oscillograph station at Roseland, New Jersey. This stroke 
had hit the earth within 400 feet na the Dns to 
ing instruments re GO! ~ 1 
connec’. to this 


In addition the line parallels a river 


Unfor- 


a 
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of the stroke from the laboratory. The distance was 
determined roughly by an observer in the cupola of the 
laboratory, with the assistance of a stop watch and a 
device for sighting on the stroke. Of 253 strokes over 
15 kv. per meter recorded, it was possible to correlate 
in this manner only 81 strokes or 32 per cent of those 
occurring. The other strokes were too uncertain in 
correlation or else no satisfactory distance measure- 
ments were obtained. Fig. 19 of the authors’ previous 
paper’ shows the results of this attempt at correlation. 
It will be noticed that the correlation is very rough, but 
that there is‘a tendency for a curve showing greater field 
intensity with shorter distance from the laboratory. 
Field intensities as high as 280 kv. per meter (85 kv. per 
ft.) were recorded in this investigation. 

From the standpoint of gradient alone, therefore, it 
appears reasonable to assume that induced voltages may 
be of such amplitude as to cause insulator flashover. 
It is appreciated, however, that induced voltage on a 
line conductor is a function of rate of change of field 
gradient as well as absolute field gradient. Informa- 
tion concerning rate of change of field gradient is not 
sufficiently complete to permit a conclusion regarding 
the amplitude of induced voltage. 

In 1928, on the Philo-Canton line of the Ohio Power 
Co. a tree designated as tree No. 1, located 360 ft. from 
the transmission line at tower 176 was struck by light- 
ning. A surge-voltage recorder located on the bottom 
conductor at tower 176 recorded a voltage of 2,100 kv. 
positive. The surge was accompanied by a line trip- 
out. The correlation between the transmission line 
record and the direct stroke at the tree is not certain. 

In 1930 two trees in this same vicinity were struck, 
apparently during a storm which occurred on Sept. 
23. Tree No. 2 was 500 ft. from the transmission line 
and tree No. 3, 1,300 ft. from the line. There was no 
surge-voltage recorder at tower 176 this year,the nearest 
recorder being at tower 172 (approximately one mile 
away). ‘There were no trip-outs on the line or surges 
which correlated with these strokes recorded on instru- 
ments connected to the line. 

On the Louisiana Power & Light Company’s 110-ky. 
system, in 1929, lightning strokes occurred to two trees 
adjacent to the right-of-way of one of the lines. Tree 
No. 1 was approximately 550 ft. from the line and oppo- 
site one of the highly insulated wood pole H frame 
structures which had no guys, pole grounds, or bonding. 
The next structure south was similar. The second 
structure south was a guyed structure with a bonding 
wire along the cross arm, a grounding wire down each 
pole, except for a 1314-ft. gap in each grounding wire, 
and 18 ft. wood guy insulators in each guy. This 
structure was approximately 1,000 ft. from the tree 
that was struck. No evidence was left of flashover on 
the unguyed structures, but the guyed structure flashed 
over the 1314-ft. wood pole gap at the time of the light- 
ning stroke. 

At another time, tree No. 2 which was approximately 
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480 ft. from the line and 670 ft. from the same guyed 
structure was struck, and two of the 18-ft. wood guy 
insulators were flashed over with no indications of 
flashover on any of the unguyed structures. 

On the Consumers Power Company’s 140-kv. 30-cycle 
system in Michigan, a direct stroke hit the top of tower 
4334. The line was single-circuit on steel towers with 
one overhead ground wire, conductors vertically 
arranged. Power arcs occurred from all three conduc- 
tors to the tower. Potentials of 2,800 kv. positive were 
recorded on two phases at tower 4334. On the adjacent 
tower north (tower 4333) a positive potential of 1,875 
ky. was recorded. On other towers (4823 and 4804) 
located one and three miles respectively, north, negative 
potentials of 1,480 and 900 ky. were recorded. On 
towers (4866 and 4385) located one and three miles 
respectively, south, negative potentials of 1,840 and 
1,300 kv. were recorded. 

The following explanation has been advanced for this 
occurrence: A direct negative stroke to the tower, 
resulted in a flow of current down the tower and out in 
both directions on the overhead ground wire. The flow 
of current down the tower encountered the tower 
footing resistance (55 ohms) and raised the tower to a 
potential above the conductors (conductors positive 
with respect to the tower). The conductors flashed to 
the tower, and the conductors became negatively 
charged, which accounts for the negative potentials at 
the towers one and three miles north and south of tower 
4334. The positive potential on the adjacent tower 
4333 may have been caused by the flow of current out 
on the ground wire and down the tower, raising the 
tower to a potential above ground and conductor. 

On the right-of-way of the Wallenpaupack-Siegfried 
line of the Pennsylvania Power & Light Co. there were 
erected at five points highly insulated antenna wires 
about. 300 ft. long and at different heights above the 
ground, varying from 12% ft. to 100 ft. The antenna 
wires were approximately 75 to 100 ft. from the nearest 
line conductor. 

A voltage (presumably induced) of 2,700 to 3,150 
kv. positive was measured on the 100-ft. antenna at 
Wallenpaupeck, with a corresponding voltage of 350 
kv. positive on the transmission line. In another case, 
a voltage of 2,700 kv. negative was measured on the 50- 
ft. antenna at High Knob with no registration on the 
transmission line. In no cases were high voltages 
measured on the transmission line which correlated 
with antenna registrations. 

On June 26, 1930, the diverter wire was apparently 
subjected to a direct stroke at tower WT-22-1. At the 
same time a voltage of 2,400 kv. positive was measured 
on the conductor on Y phase. 

In the past, numerous high-voltage potentials of 
positive polarity have been recorded on transmission 
Jines, although high-voltage surges of negative charac- 
teristics were apparently in the majority. There is a 
tendency to attribute the high-voltage negative surges 
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to direct strokes. The high-voltage positive surges 
may be due to induced strokes, or they may be due to 
direct strokes to towers or ground wires, which cause 
sufficient current to flow down the tower to give an 
appreciable difference of potential between the tower 
and the conductors. In this case the conductor would 
have a positive polarity with respect to the tower. 

Apparently, there is evidence to the effect that direct 
strokes play an important part in transmission flash- 
overs and outage. There is a great deal of evidence 
that induced strokes are also highly important. There 
is insufficient evidence at the present time to evaluate 
more exactly these two types of strokes. It may 
eventually be found that one type of stroke is more 
important than the other on lines of one voltage class 
and insulation, and that in another voltage class the 
other type of stroke becomes more prominent. 


DISCUSSION. OF RESULTS 


1. Mechanism of Lightning Stroke. There is, of 
course, as yet no adequate understanding of the light- 
ning stroke even from a qualitative standpoint. Fur- 
thermore it is improbable that from existing data an 
indisputable explanation of the mechanism of the stroke 
can be built. However it appears to the authors that 
there are suggestions in the results already obtained 
which should be given careful consideration. 

Measurements of cloud field potentials*“® have 
established beyond question that fields of both polarities 
are present. It has been shown that the field polarity 
at a point on the ground may change from positive to 
negative or from negative to positive during the same 
storm. Many storms have been shown to have a pre- 
dominant polarity characteristic but in almost all cases 
both positive and negative fields are present to some 
degree. 

Studies of polarity effects in gas discharges suggest 
that no satisfactory understanding of the mechanism of 
the lightning stroke will be reached until due considera- 
tion is given polarity effects.°!” Laboratory experi- 
mental work on the breakdown of gases between dissim- 
ilar electrodes’ reveals that the shape of the positive 
electrode is of greatest importance in determining 
voltage breakdown. Lichtenberg figure studies have 
supplemented this information and in addition have 
contributed valuable experimental proof that in most 
’ eases the propagation of the steamer tip away from the 
positive electrode is the essential aspect of the break- 
down mechanism. 

Laboratory studies”?! of the ‘“‘protective zone” effect 
of the vertical lightning rod have shown that polarity 
is the determining factor. With the lightning rod 
polarity positive and the cloud negative a very high 
degree of protection is afforded. With the lightning rod 
negative relative to the cloud some protection is still 
obtained but the effectiveness of the rod is greatly 
reduced. 2 

As previously stated all lightning-stroke recorder 


records of direct strokes to towers indicate that the top » 
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of the tower is negative with respect to the bottom and 
from this it appears reasonable to infer that these are 
cases of negative clouds and positive ground charges. 
With the tower structure positive with respect to the 
cloud, breakdown proceeds from the structure to the 
negative cloud. Numerous strokes terminate on the 
grounded structure under this polarity condition. 
Under conditions of tower structure negative with re- 
spect to the cloud the stroke would proceed from the 
cloud and the probability of the tower structure being 
struck would not be great. While this conception 
appears to reverse our picture of the cloud-to-ground 
stroke nevertheless it is consistent in that it is in accord 
with laboratory and field experience. 

The direction of current in the lightning stroke has 
also been given considerable study.” As the breakdown 
streamer propagates rapidly away from the positive 
electrode electrons flow toward the positive electrode. 
The lightning stroke currents therefore classified in 
accordance with our practical definition always flow 
from the positive to the negative polarity. 

2. Ground Wires. The theory regarding the partic- 
ular mechanism of operation of the ground wire in case 
of induced charges is generally agreed upon. Ground 
wires are presumed to protect in this case because they 
reduce the induced charge on the line conductor and 
increase the capacitance of the conductor to ground. 

However, in the case of direct strokes it appears that a 
somewhat different viewpoint is necessary. The fact 
of the elevation of the line structure above the ground 
plane causes many strokes to terminate on the line 
structure. 

When the cloud polarity is negative and the grouhd 
positive all strokes within a distance of the order of ten 
times the height of the line on either side will strike the 
line. This, of course, is the condition obtained when 
there are no other objects projecting above the ground 
plane of the line within the distance mentioned. 

When the cloud polarity is positive and the ground 
negative the projecting transmission line still functions 
to attract many strokes. However, in this case the 
number terminating on the structure will be smaller, 
the line attracting all discharges within a distance of 2 
to 3 times the height of the line on either side instead of 
10 times. This explains the great number of negative 
strokes indicated during the lightning investigations. 

The overhead grounded structure (towers and ground 
wires) serves as the ground terminal for the cloud-to- 
ground stroke, forming a shield for the line conductors. 
The customary ground wire attached to the tower 
structure serves to extend the shielding effect provided 
by the towers to the space between towers. In addition 
the ground wire also lowers the impedance between 
tower top and ground. Current resulting from a direct 
stroke at the tower top may pass out over the ground 
wires as well as down the tower structure. The con- 
ventional ground wire therefore functions in two ways 
to afford protection to line conductors; first to provide 
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over the line conductors a grounded structure which can 
serve as a terminal for direct strokes, and second to 
reduce impedance to ground in case of direct stroke to 
the grounded structures. 

The so-called diverting wires, one form of which is 
being experimented with in an actual installation, are 
ground wires which may or may not be insulated from 
the tower structure and in general are located at a 
greater distance above the line conductors than the 
conventional ground wire. 

Diverting wires supported on the tower structures by 
metallic tower extensions can have no advantage over 
the conventional ground wire other than a possible 
increased effectiveness in providing a terminal for 
direct strokes due to greater height and more advanta- 
geous position over the line conductors. 

Diverting wires located above the line conductors but 
insulated from the tower structure and provided with 
independent grounds of low resistance have the ad- 
vantage that lightning currents are not conducted 
through the tower structure to ground. As will be 
briefly discussed later this advantage is a significant 
one. : 

Data obtained in the field investigations and exten- 
sive operational experience testify to the effectiveness of 
the conventional ground wires. The number of direct 
strokes recorded compared to the number of trip-outs 
on a line with overhead ground wires indicates that only 
in rare cases will a line conductor be struck when steel 
towers and conventional ground wires are used. Knowl- 
edge of the commanding influence of the polarity effects 
described above permits at least a partial understanding 
of these results. 


3. Insulator Assembly Flashover. Conditions under 
which the line insulation may flash over as a result of 
direct strokes appear to be three in number. First, 
of course, a direct stroke to a line conductor will provide 
sufficient voltage for insulation breakdown. Second, a 
direct stroke to the tower will cause insulator flashover 
by raising the potential of the tower structure with 
reference to the conductor. The voltage drop across 
tower and footing impedance is responsible for this 
flashover voltage. Third, a direct stroke to the ground 
wire between towers may result in such potentials on 
the ground wire that flashover to the line conductor 
takes place. 


Direct strokes to line conductors would appear to be 
of rare occurrence where steel towers and overhead 
ground wires are used. Insulator flashover with this 
construction would therefore appear to result in most 
cases through tower potentials due to high tower footing 
resistance. Under this condition the tower structure 
would almost invariably be raised to a negative poten- 
tial with respect to the conductor. 

Information gathered by the surge indicators on 
insulator assembly flashover shows that in the greatest 
number of cases a single assembly flashes over. Next to 
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this condition in frequency of occurrence is the case 
where two adjacent assemblies on the same phase flash 
over. Data on flashover of insulator units is still too 
meager to permit more than speculation on the influence 
of the ground wire, or a conductor connected to the 
tower by insulator flashover, in extending or limiting — 
the total number of assemblies flashed for one stroke. 
However, it appears that where flashover occurs from 
the tower to a conductor the spread of flashover to other 
insulator assemblies on the same tower may be pre- 
vented by the resulting reduced impedance between 
tower and ground. Also insulator assemblies on ad- 
jacent towers on the same phase may flash over as the 
surge proceeds along the conductor from the tower 
struck and where the first flashover occurred. 


In natural lightning measurements and also in artifi- 
cial lightning measurements in field and laboratory, it 
has been shown that insulator flashover is not neces- 
sarily followed by line trip-outs.° One key to an 
explanation of this is found in the fact that flashover 
must occur at,a time when the power voltage to ground 
and the current flowing through the conductor both 
have sufficient amplitude and proper polarity relations 
to establish a permanent arc for the power current to 
follow. Experience has shown that in many cases a 
permanent arc is not established because these condi- 
tions are not satisfied. 


4. Wave Shape. Oscillographiec work on transmis- 
sion lines under natural lightning conditions has shown 
that wave shapes to be expected at a specific point on 
the line range in time to crest from about one micro- 
second to several hundred microseconds and that the 
times on the wave tail extend over a wider range than 
times to crest.. The lower voltage surges are of longer 
time duration. 

Wave shapes measured at or near the origin of the 
surge have fronts which bring the conductor potential 
up to insulator flashover in the order of a microsecond. 
These high amplitude waves of steep front usually cause 
flashover and are therefore reduced very quickly to low 
potential values. It would appear that a voltage wave 
rising to a high value but still somewhat under insulator 
assembly flashover would be of longer time to crest and 
have a wave tail value of some 10 to 100 microseconds. 


Much has been learned concerning attenuation or 
diminution of voltage amplitude of the surge as it travels 
along the conductor. For general purposes a formula 
which has been derived from natural lightning measure- 
ments? is of sufficient accuracy for practical calculation. 
This formula is as follows: 


ep 


= Ksee1 anda =—ke 
0 


e 
where 
é = initial surge voltage at the point where the 
surge originated 
K = aproportionality factor found empirically 


September 1931 LIGHTNING INVESTIGATION 


S = distance in miles from the origin of the surge 
e = voltage at distance s 
A = attenuation in kilovolts per mile at any point 


where the line voltage is e 

The factor k has been shown to vary between 0.0001 
and 0.0007 depending upon the particular line under 
consideration. This formula agrees with results of 
attenuation studies where artificial lightning was used 
on an actual transmission. 

Detailed studies have proved that attenuation is 
dependent upon polarity and wave shape. Positive 
surges decrease more rapidly in amplitude than negative 
surges and chopped waves of short time element attenu- 
ate more rapidly than longer and unchopped waves. 

Change in wave shape above corona voltage has been 
shown to consist of a flattening of the wave front and a 
lengthening of the wave tail.” It has been shown that 
in effect this may be thought of as resulting from a 
lower velocity of propagation for the higher voltage 
portions of the traveling charge. Such a viewpoint is 
undoubtedly helpful but it must not be accepted as an 
explanation of the mechanism of surge propagation 
without a closer examination than has as yet been 
given. The influence of corona and polarity effects 
which have been shown to be great in connection with 
surge propagation are probably determining factors. 
Conditions of relative energy loss on the front, crest, 
and tail of the wave are little understood. The shift 
of energy relations within the wave may account for the 
wave changes which have been demonstrated. 

In connection with attenuation studies of surge 
propagation by means of surge-voltage recorders dis- 
tributed along a line conductor it has been noticed that 
very frequently positive surges of high amplitude are 
recorded at one station with very little or no voltage 
measurements at adjacent stations. These voltages 
have been explained in two ways. 

The positive conductor voltage has been attributed to 
bound charge on the line from a negative cloud which 
charge is released when the stroke occurs. In other 
words, it is an induced voltage. 

Another explanation which has been offered is that 
these voltage registrations are the result of ground 
surges accompanying the negative stroke to the tower 
or some object near the line. Under this condition the 
instrument would record a positive voltage between 
conductor and ground. In view of the preponderance 
of negative direct strokes obtained by field measure- 
ments and the agreement of these data with laboratory 
studies of discharge mechanism this explanation SDDS 
to justify close consideration. 


CONCLUSIONS 


The following conclusions are based on the data 
presented or referred to in this paper. 

1. Many trip-outs of high-voltage lines are caused 
by direct lightning strokes to the line structure. This 
conclusion is based on approximately 16 records of 
direct strokes correlating with line trip-outs. 
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2. Many trip-outs on sections of transmission line 
not equipped with overhead ground wires are due to 
direct strokes terminating on the line conductor. 

3. Direct strokes terminating on the overhead 
ground structure may cause flashover of the line insu- 
lation. This appears to be due to the voltage drop 
across the tower footing resistance. 


4, Direct strokes to the transmission line structure 
may occur without a line trip-out. Records of approxi- 
mately 37 lightning strokes which did not result in 
trip-outs bear out this conclusion. 


5. Overhead ground wires and steel towers serve as 
a terminal for lightning strokes, thereby protecting the 
line conductor and in many cases preventing insulator 
flashover. 

6. Insulator flashover may occur without sufficient 
power current flowing through the arc to result in a line 
trip-out. 

7. Conventional overhead ground wires have proved 
effective in intercepting direct strokes and preventing 
line trip-out. 

8. Low tower-footing resistance functions to 
improve protection when a direct stroke terminates on 
the overhead ground structure. 

9. Where overhead ground wires are used, currents 
resulting from direct-lightning strokes flow to earth in 
many cases through several adjacent towers. Records 
have been obtained involving as many as six tower 
structures. 

10. Lightning strokes of negative polarity terminat- 
ing on the transmission line, far outnumber strokes of 
positive polarity. In fact, no strokes of positive polar- 
ity have been recorded. 

11. Strokes terminating on objects projecting from 
the ground near the transmission line, produce high 
voltage on the conductors and in some cases are known 
to have caused flashover of the line insulation. 


12. Ina great majority of cases of flashover of line 
insulation, only one or two insulator assemblies are 
involved. When two are involved, they are usually 
on the same phase and adjacent towers. 


13. At the origin of the disturbance the rate of 
voltage rise across the line insulation is of such order as 
to reach flashover value in a very short time, perhaps of 
the order of one microsecond. 
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J. H. Cox: Messrs. Lewis and Foust have discussed the 
question as to the proportion of surges caused by direct and 
induced strokes. This is a very important question since it 
has a direct bearing on the methods used in protection. Highteen 
records of direct stroke measurements are listed. Those recorded 
on the unprotected part of the line were accompanied by trip- 
outs and those recorded on the ground wire protected part of 
the line were, in at least the majority of cases, not accompanied 
by trip-out. These data are a gratifying indication of the bene- 
fits derived from the use of a ground wire. 

The authors further state, ‘First, of course, a direct stroke 
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to a line conductor will provide sufficient voltage for insulation 
breakdown.” I do not believe that present data justify this 
statement and feel it entirely possible for a direct stroke to be 
insufficiently severe to cause a flashover on a high-voltage line. 
Furthermore, the fact that all direct-stroke records obtained 
on the unprotected part of the line were accompanied by flash- 
over does not indicate that no direct strokes occurred which 
were not recorded. With the methods of measurement used a 
direct stroke to a line conductor without an insulator flashover 
would not yield any direct-stroke record. It may be likely that 
a direct stroke would be to the tower but not at all certain. 

Another factor brought out is that all the direct-stroke records 
indicated negative strokes and in conclusion 10 the statement 
is made that this indicates that negative direct strokes far 
outnumber the positive. It is entirely possible that positive 
strokes, even when direct to towers, do not cause currents 
sufficiently heavy to yield a record with the instrument settings 
used. So far as the data show, it still seems likely that the 
range of severity of direct strokes may be sufficiently great so 
that some do not cause flashover, even on unprotected lines, 
and also that some cause flashover on lines with the best pro- 
tection now available. 

In connection with the records Obtained by Messrs. Tone 
and Foust on antenna, I wish to point out that antenna measure- 
ments, unless the antenna is connected to ground through a 
resistance equal to the antenna surge impedance, which would 
be of the order of 500 ohms, indicate the cloud field gradient: 
but do not yield a measure of the potential which would be 
induced on the line. This fact is demonstrated by the experience 
of the authors as stated by them: ‘‘In no eases were high voltages 
measured on the transmission line which correlated with antenna 
registrations.”’ The antenna was close to the line: Another 
fact which indicates that induced voltages may be low, for at 
least certain kinds of strokes nearby, is the case mentioned of 
a direct stroke to the transmission line with no recordable 
induced voltage on the antenna, and in this case the antenna 
being connected to ground only through a high resistance the 
conditions were most favorable for a high induced voltage. 

Regarding the strokes to trees adjacent to transmission 
lines as mentioned in the paper, these data may be misleading. 
For instance, a stroke to a nearby tree without a line surge, 
a direct stroke or a trip-out record indicates definitely that 
the induced voltage was below the required value. However, 
a stroke to a nearby tree with a correlated record of one kind 
or another does not definitely indicate that the record was 
caused by the particular stroke which hit the tree, unless the 
correlation was complete and an actual observation was made 
which tied the two points of evidence together, since it is possi- 
ble that the record on the line and the injury to the tree were 
caused by two different strokes of the same storm. The greatest 
eare should be taken to take into account possibilities of this 
nature which completely modify the interpretation. 

The use of a buried cable, called a counterpoise by the authors, 
was suggested some time ago as a method of reducing tower 
footing resistance. The results of at least one year’s experience 
on one line, as contained in Table I of the paper, which shows a 
perfect record, are very gratifying. 

The authors state that the lightning stroke always starts 
from the electrode of positive polarity. Simpson suggested 
this in 1926 but more recent data indicate this to be incorrect. 
Torok’s work at Trafford on arrested discharges indicate that 
a discharge streamer always started from the electrode of high 
potential, that is the electrode of smallest effective dimensions, 
whether such electrode is positive or negative. 


I am unable to understand the discussion under ‘‘Wave 
Shape” of the short distance of surge propagation. If the 
surge is induced and consists of the release of a bound charge, 
this bound charge is actual and must be dissipated in some 
manner. Therefore, it should perform as a simple traveling 
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wave and should not dissipate in two or three towers. The 
second explanation is somewhat obscure but it seems rather 
likely that the extent of the ground surge due to the lightning 
current is not great. I feel that the correct explanation is 
contained in the Fortescue and Conwell paper. As pointed 
out there, in the case of a stroke to a ground wire without a 
flashover the potential on the line conductor is an induced 
part of the traveling wave and involves no actual charge. Thus, 
when the surge on the ground wire is dissipated, which it will be 
in a very few towers, the potential on the line conductor will 
disappear simultaneously. 


Fig. 1I—Porentiat at Tower STrruck 


J. J. Torok: The calculations made in the R. N. Conwell 
and C. L. Fortescue paper were based upon the accepted theories 
of traveling waves. In setting up the equations it was assumed 
that the tower length was such that it could be neglected in 
these calculations. The authors of the paper have realized 
that in a general treatise it would be desirable to inelude the 
effects of the tower in these reflections, consequently, at their 
request the calculations were revised so as to include the effects 
of the tower. 
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The surge impedance of the tower was determined to range 
from 75 to 150 ohms, the average being approximately 100 ohms. 
The assumptions in these calculations were that a tower to 
which two ground wires are attached was struck. Under this 
condition a train of traveling waves would be set up on the 
ground wires and on the tower. The waves on the ground wires 
will be reflected between adjacent towers while the waves on 
the tower will travel up and down the tower. In these caleula- 
tions it was assumed that the nature of the wave traveling 
over the lightning channel was as follows: it rose to erest value 
in one microsecond and then dropped to half value in 50 mi- 
croseconds. 
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The results of these calculations are shown in the following 
figures. Fig. 1 shows the potentials of the tower at both the 
top and bottom. A is the potential at the top and B the poten- 
tial at the bottom. High over-shooting of the potential at the 
top of the tower during the first microsecond which is shown by 
curve A is due chiefly to the impedance of the tower itself. The 
tower having physical length will have, therefore, during the 
period of time that the current in the lightning stroke is in- 
creasing, a considerable potential across it. However, as soon 
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as the wave ceases to increase in magnitude, the potential 
across the tower will drop to nearly the same potential as that 
of the tower footing. 

The effect of the change in tower footing resistance is shown 
in Fig. 2. The tower top potentials have been shown with two 
conditions: (1) with the tower having a 5-ohm footing resistance, 
and (2) with a 10-ohm footing resistance. From this we see 
that by raising the resistance from 5 to 10 ohms the tower top 
potential has been increased only 20 per cent. These curves 
have been replotted on a voltage scale and are shown in Fig. 3. 
Three curves have been plotted: (1) the potential and the tower 
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top, (2) the potential at the footing of the tower, and (3) the 
potential across the insulator string. To obtain the potential 
across the insulator string a 30 per cent coupling was assumed 
between the ground wire and the conductors, thus the potential 
across the insulator string is approximately 70 per cent of the 
potential at the tower top. The maximum current in the 
lightning channel is assumed to be 83,000 amperes, the maximum 
current in the tower footing is 100,000 amperes, and the resist- 
ance of the tower footing is 5 ohms. The potential at the 
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adjacent tower has been found to be very much lower, having a 
volt-time characteristic as shown in Fig. 4. The highest voltage 
appearing at this tower is some 19 per cent of the potential at 
the first tower. 

The relative currents in the first three towers are shown in 
Fig. 5. The highest current, of course, appears on the tower 
on which the stroke terminated. 

In order to check these calculations the set up was made 
in the field in which tests were made on a non-energized line. 
A portable surge generator and cathode-ray oscillograph were 
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utilized in this test. A surge was impressed upon one conductor 
and allowed to travel over the line, finally reaching a point at 
which the conductor is grounded through a tower. The wave 
appearing at this tower had a three microsecond front and 
dropped to half value in 10 microseconds. This wave is not 
nearly as severe as that assumed in the calculations and due to 
experimental limitations a more severe wave could not be 
obtained. The wave traveling beyond this point was measured 
by cathode-ray oscillograms of the nature shown in Fig. 6. 
Inasmuch as the wave has a duration of only 10 microseconds 
it is to be expected that it could not maintain the potential of 
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the tower top to a value shown in the calculated waves, however, 
the first part of the wave is very similar to that obtained through 
ealeulations. The comparison of the two waves is shown in 
Fig. 7 

The analysis and accompanying curves as presented in this 
paper are of considerable importance, as they give for the first 
time a clear insight into the happenings on a transmission line 
at the time it is struck. From them the types of waves that are 
to be considered under different conditions can be ascertained. 
For example, a tower having low tower footing impedance (of 
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the order of 5 ohms) when struck will stress the insulators with 
a wave having a high potential for one or two microseconds and 
then abruptly falling to a low value where it remains for a 
relatively long period of time. However, should the impedance 
of the tower footing be high (of the order of 50 ohms or more) 
the potential will rise to a high value and remain there for a 
considerable time. In the former case only the short time 
characteristics of insulators need be considered. In the latter, 
however, because of the flat top characteristics, the long as well 
as the short time characteristics must be considered. It is 
information of this type which will greatly facilitate the estab- 
lishment of standard methods of adjudging insulation. 
K.B.McEachron: In discussing the mechanism of lightning 
strokes Messrs. Fortescue and Conwell discuss the part played 
by water vapor in the production of sufficiently high charges 
to eause electrical discharge as in a thunder storm. I believe 
that it is generally understood that clouds consist of condensed 
water vapor in the form of actual drops and -that these drops 
of water carry charges which are increased as the result of the 
action of the wind until finally an electrical discharge occurs. 
The authors advance a partial theory of the mechanism of 
lightning strokes, indicating that the speed of formation is 
probably not greater than one-twentieth that of light and thus 
considerable time is involved in the production of the lightning 
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discharge. . They suggest that the energy in the streamer itself 
contains a very small amount of current until after contacting 
with some object on the surface of the earth: After such con- 
tact is formed the potential energy is changed to kinetic energy 
and a current wave moving at the velocity of light flows into 
the earth or the structure. 

It seems to me it would be very helpful if the authors could 
give a more detailed explanation of just what they believe 
happens during the interval just before and after the lightning 
strikes. I do not believe that physicists are in agreement at 
the present time concerning the mechanism of the lightning 
discharge. Two different theories have been worked out in 
much greater detail than that advanced by the authors, one 
being developed by Simpson and the other by Dorsey. Simpson 
believes that the discharge channel is formed from the positive 
end, while Dorsey believes it is formed from the negative end. 
Dorsey in his ‘“‘dart’”’ theory suggests a mass of electrons and 
ions which move with high velocity at the front of the stroke 
following an irregular path which is determined more or less 
from each point of travel of the discharge. 

It is appreciated that the calculations made by the authors 
in the first part of their paper are based on several assump- 
tions for which little exact experimental data exist. For in- 
stance, it is assumed that the surge impedance of the lightning 
discharge path is 200 ohms and yet it is assumed that the con- 
tinuation of this same discharge path on to ground after con- 
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tacting with the transmission line may be between 10 and 200 
ohms. If the discharge path of the lightning can be considered 
as a surge impedance it undoubtedly is a variable quantity 
becoming smaller as we approach the surface of the earth. It 
seems to me that in making this calculation the authors assigned 
values to unknown quantities about which less is known than 
the unknown which is calculated, particularly as a cathode-ray 
oscillogram was taken giving some idea at least of the potential 
which might occur at the time of the direct stroke. 

Based upon a considerable experience gained from the study of 
the operation of several transmission lines under lightning con- 
ditions the separations given between the line wires and the 
ground wires shown in Figs. 3 and 4 of the paper seem unnec- 
essarily large, as many lines similar to that shown in Fig. 4 with 
much smaller clearances between line and ground wires with low 
tower footing resistance have had an excellent operating record. 
It is interesting to note that if these large spacings are necessary 
on extra high-voltage lines, equally large ground wire spacing 
is necessary on lower voltage lines if the spans are of equal 
length. 


In connection with the study on the Siegfried-Roseland line 
the authors apparently conclude that high voltages cannot be 
obtained on a highly insulated transmission line except from 
direct strokes. This conclusion is based on the observation that 
direct strokes occurred close to the transmission line and yet 
voltages less than 100 kv. were observed on the transmission line. 
However, this does not mean that other direct strokes nearby 
might not cause high voltages on such a line. As an illustration 
of this situation reference should be made to the paper by 
Messrs. Sporn and Lloyd in which apparently two different 
lightning strokes did not give rise to induced voltage, while the 
third direct stroke apparently caused a recorded voltage at 2,100 
kv. on the transmission line. These direct strokes occurred 
between 300 and 1,300 ft. from the transmission line. It may be 
that because of the variability of lightning discharges some do 
cause much higher induced voltages than others so that the 
conclusion to be drawn is that most direct strokes or at least 
many strokes are not responsible for high induced voltages. 


Messrs. Lewis and Foust-in discussing the mechanism of the 
lightning stroke point out the probability of discharges proceed- 
ing from the tower to the cloud when the cloud is negative. 
While this agrees with experiments made between a point and a 
plane in the laboratory, assuming the point to be positive, yet 
not all of the observations in the field confirm this point of view. 
If the clouds are usually negative for severe direct strokes one 
would expect it would be a common occurrence to witness long 
streamers from towers just before the flashover occurs. It is 
true that such streamers have been observed in a few eases, but 
apparently they are not a frequent occurrence. In the laboratory 
test it has been noted that the streamers extend away from the 
positive electrode and this led Simpson (Proceedings of Royal 
Society A, 1926 Vol. III, p. 56) to comment on the fact that only 
three out of more than two hundred photographs of direct 
strokes of lightning showed streamers upward, indicating that 
the earth was positive. 


If long streamers do proceed upward from transmission line 
conductors and towers frequently some fiashovers of transmis- 
sion line insulation might be accounted for in this manner. 
This idea was originally suggested to me by Mr. H. P. Seelye as 
he had seen certain evidence of flashovers which led him to 
suggest the possibility of intense ionization on towers during 
lightning storms, which might cause flashovers even though no 
lightning discharge took place, which either struck the line or 
gave rise to induced effects. 

Further study should be given to the determination of the 
manner of propagation of discharges in order that definite evi- 
dence may be obtained from which an adequate theory may be 
built up. 
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L. V. Bewley: There are seven main factors which charac- 
terize the magnitude and shape of induced voltage waves due to a 
lightning discharge. 

They are: 

Law (and time) of cloud discharge. 

Distribution of bound charge. 

Current in the stroke. 

Charge on the cloud (amount and distribution). 

Height of the cloud. 

Field gradient. 

Average height of the line. 

Heretofore investigators have assigned values to some par- 
ticular group of these variables, without respect to the effect of 
such arbitrary specifications on the remaining variables, and 
have arrived at unduly divergent conclusions as to the magnitude 
of induced voltages. However, as Mr. Peek’s paper has so 
clearly shown, the above variables are not entirely independent of 
each other, but are definitely related, so that values cannot be 
arbitarily assigned to any one of them which violate the known 
confines of any of the others. He has made an outstanding con- 
tribution to our knowledge of the magnitude of induced strokes 
by tying all of these factors down with a single set of curves, 
Fig. 6 of his paper. By means of these curves, the influences of 
the time of cloud discharge, of the height of the cloud, and of the 
current in the stroke, can be readily estimated. Since the curves 
are based on a maximum field gradient of 100 kv. per ft. (an es- 
stablished value apparently agreed upon by all of the authorities 
on the subject), they are in conformity with that assumption. 

It may be of interest to demonstrate the application of the 
equations in the Appendix of Mr. Peek’s paper, to a specific case. 

Cloud: A point charge (or uniformly charged sphere) Q at a 
height H. ; 

Law of Cloud Discharge: Linear, in time 7. 

Ground Wires: None, therefore ® = 1.0. 

This particular example has previously been worked out by 
Mr. Fortescue.! It is included here merely to illustrate the general 
equations of which it is a special case. The vertical component of 
the field gradient near the surface of the earth due to a point 
charge (Q) at a height (H), anditsimage (— Q)atadepth (— H) 
below the surface, is 
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and therefore the potential on the line at height A for an instan- 
taneous cloud discharge is _ 
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Then by equation (6) in the Appendix of Mr. Peek’s paper 
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oe Hv [ V H? + (4 + vt)? ‘é VE? + (a — vt) | 


where v is the velocity of propagation of waves on overhead lines, 
and is approximately 1,000 ft. per microsecond. This potential 
distribution is seen to consist of a pair of waves traveling in 
opposite directions. They superimpose for a maximum, at 
2 = Oand? = 17, of 

1. Discussion, C. L. Fortescue, A. I.E, E. Trans. Vol. 49, p. 1503, 
October, 1930. 
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_and this increases with the time of discharge 7, as the current 
is assumed to be constant. For the time of cloud discharge in 
microseconds large (say 3 times) compared with the height of 
the cloud in thousands of feet, and converting to practical units, 


j 
V 260 ae I volts 


where / is in amperes. 
By equation (3) the reduction factor is 
Vowiapt0l 1 60. 
gh. gH avi+ Ait. gH 
The equivalent rectangular bound charge, by equation (7), is 
L =24H = 2 (cloud height) = (front of traveling wave) 

The fact that the front of the free traveling wave is practically 
equal to the length of the equivalent rectangular bound charge 
was established by calculating the wave shapes for a variety of 
different distributions of bound charge and noticing that the 
relationship holds when the time of cloud discharge in micro- 
seconds is long compared with the length of the bound charge in 
thousands of feet—a condition that is true in most cases. 

There are only a few simple cases which can be calculated di- 
rectly by the analytic formulas, due to the difficulty of performing 
the prescribed operations. However, equation (1) can be ex- 
pressed as the limit of a summation, and therefrom solutions ob- 
tained by tabular step-by-step and graphical methods.’ 

Theoretically, from an oscillogram of an induced lightning 
surge which has not suffered attenuation or distortion, the follow- 
ing information is obtainable: 

1. (2) (Height of cloud) 

= (length of bound charge) = (front of wave) 
2. (Time of discharge) 

= [ (total length of wave) — (front of wave) | 
3. Law of cloud discharge from the solution of the integral 
equation 


a= 


t 
PF 
= ftetoa—1)) 29 ar 


The function f (x) may be taken as that due to a point charge, 
or even as a rectangle, without appreciable error; because the 
shape of e’ (¢) is not sensitive to changes in f (x). If an analytic 
solution cannot be obtained, then trial functions F (t) may be 
tried until one is found which approximately satisfies the relation- 
ship. Since the form of e’ (¢) for many representative functions 
F (t) have been worked out and tabulated, a fair idea of F (t) for 
a given e’ (¢) is not hard to arrive at, within the permissible limits 
of error. 

Since F (t) must be such a function that it reaches a value of 
unity at t = T (the completion of cloud discharge) and since 
the crest of e (t) is given, the maximum value of f (x) is also deter- 
mined by this integral equation. Then 


2 
4. The maximum gradient is g (x) = aoe 
5. The reduction factors are 
As €mazx ts €max 
h.g (0) h.g (0) 
ee C' max 3 Cmax 
h.g (0) 2f (0) 


6. The charge on the cloud (assuming a spherical cloud uni- 
formly charged) is 


2. Traveling Waves Due to Lightning, 


L. V. Bewley, A. I. E. E., 
Trans. Vol. 48, p. 1050, July 1929. : 
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H? g (0) 
“lene 
7. The current in the lightning stroke is 
ie peda reg Bod O F (t) 
a Of. pe we Ot 


8. The cloud potential (assuming a spherical cloud of radius 
R) is 


2h 


It may be challenged that a sphere is not a true representation 
of a charged cloud. That is true, but by fortunate circumstances 
the shape of the cloud (or of the bound charge) does not seem to 
have much effect on the shape of the traveling waves, and con- 
sequently the assumption of a spherical cloud is as good as any 
for numerical accuracy, and has the distinct advantage of being 
relatively easy to handle mathematically. 

Asa result of their studies Messrs. Brune and Eaton have con- 
eluded that the counterpoise is in effect a very leaky short trans- 
mission line connected to the tower and open-circuited at its 
other end. This conclusion is evidenced by the highly attenuated 
and badly distorted reflections shown on the oscillograms. It is 
surmised, however, that the major benefit to be derived from the 
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use of a counterpoise, is merely that of the reduction in true 
grounding resistance which it provides; and that the surge im- 
pedance and reflections are quite subsidiary effects. In support of 
this notion there have been plotted in Fig. 8 the field tests of two 
different investigations on the effects of varying the lengths of 
counterpoises, and the corresponding calculated curves based on 
assuming the counterpoise to be a simple distributed series re- 
sistance r and conductance to ground g. The constants used in 
the calculated curves were chosen to agree with the experi- 
mental results, so that the agreement between the test and eal- 
culated curves is of importance only in showing that they pre- 
sumably follow the same law—in other words a distributed r and 
g is sufficient to account for the observed data within the limits 
of the experimental error in this type of field study. The equa- 
tions are: 


cosh V¥rgx 
Feet caetl voltage at x 
. h Tih: oi 
1 =8 DE peer EI, urge = current at x 
r cosh v¥rgl 


coth Vrgx = effective resistance at x 


September 1931 


= total length 

distance from open end 
resistance per unit length 

= conductance per unit length 


a 24g 
ll 


The net resistance at the tower is the tower footing resistance 
Ry in parallel with the effective resistance of the counterpoise 
Ri, or 


yg Ry R1 ist Ry ae Rr 
Rr + ki C+ Ry /R, 1+ Rr vVg/rtanh yrgl 


which is the equation plotted in Fig. 8. In this equation it 
must be remembered that Ry and (l/g). under transient condi- 
tions are only about 75 per cent of the measured d-c. resistance; 
and that r is much greater than the measured d-e. resistance due 
to skin effect. Also the conductance g is difficult to measure, 
and probably varies over a wide range with the condition of the 
soil (moisture content), so that the practical utility of such an 
equation is very. doubtful. Its chief merit lies in showing a 
reasonable correspondence with the observed experimental data, 
and therefore establishing to that extent the reason for supposing 
that a counterpoise is principally merely a low resistance to 
ground. But if that is so, then a given length of wire is most 
efficiently employed as a counterpoise by using it as a number 
of short lengths in parallel radiating out from the tower, rather 
than as a single length. And on this basis also, there is no 
particular virtue to the direction of the counterpoise—it might 
just as well be run perpendicular to the transmission line as 
parallel to it. 


F. E. Andrews: The experience on the 132-kyv. lines of the 
Publie Service Company of Northern Illinois is of interest rela- 
tive to the question of protection afforded by overhead ground 
wires. These lines are in general of double-cireuit steel tower 
construction, using a single ground wire only over the one circuit 
installed on the single-circuit portions of these lines, and using 
two ground wires, one over each cireuit, on the double-cireuit 
sections. The single-circuit lines with one ground wire are all 
built on double-circuit towers, one side being left vacant for the 
future circuit. 


The following tabulation summarizes this experience: 


TWO GROUND WIRES 


No. inter- No. circuit Trip-outs/100 miles 
Year ruptions miles due to lightning 
ROG Ts MARRS ok Oxy Tastes 2: Peal frp a es OLE OPER PAE TE 0.00 
WOO Sst wa corcchxs Lea cout eae UBS JO Genes tec; cae sdba dreusvatens 0.63 
OBO ep ete i Se ee SMOG. co's aes fat oo) wt Pate tontee 1.90 


Interruptions per 100 circuit miles per year over entire period. .1.10 
Interruptions per 100 tower-line miles per year over entire 
WOWIOM cane basca Asta central ottepseels Rete lmes brash tani athe « jhd-< ones ee 2.20 


*Two of these simultaneous flashovers, third flashover from 132-kv. 
line to 33-kv. line on same right-of-way. 


ONE GROUND WIRE 


No. inter- No. circuit Trip-outs/100 miles 
Year ruptions miles due to lightning 
MO ZO pate atcrailel oY drei; nets OM aa cert erernients DarWO Nes trout ects erorerat ce 0.00 
TODOS Aha cieht ete on. O: aerator aes OR LOR che oe eee de era 0.00 
1927. Sinkeite wees tae 84) OS). 225 ans ate Pelee ler’ 3.54 
NODS ei ert. A ocolisanwd des Ces Oe ithe eine pets ee ae ee, ee 2.67 
1929 Mes a tie es tet A pr LO) 246s teers operetta nar 1.96 
LOSW Potts ox aeunrg eerate PaaS ice ate tater WS 25598 wrote eo amet es 6.80 
Interruptions per, 100 miles per year over entire period...... 3.78 
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ALL LINES SINCE GROUND WIRES WERE INSTALLED 


Trip-outs. per 100 


Year No. inter- No. circuit miles due to 
ruptions miles lightning 
WORD ahi emontars Orel ed eee OURO Ath 3 A otras 28 0.00 
LO 2Gis oak os cet hy: Ob rae sia ruteae our oh es OBO) St ori pacciersbasvaunts » 0.00 
Oe Pi ccape ccoiecctex. CIE ey MERRIE eae Be OR eroicis’a cuts ope 8%. 8 3.54 
ZS eran cers ¢ BS ene ee Or cae i ab pee Ry oo a, a 1.88 
DOAD). Pom eree tts ae Giresthe re cokes : 2OG SIO Series Wines oon 1.15 
VOSDA ee hehe 1 PARE de Pena ea ae 29GAO5. edd ace ae rae 4.13 
Interruptions per 100 miles per year over entire period......2.58 


It will be noted that with the lines protected by two ground 
wires, interruptions per 100 cireuit miles per year average 1.1, 
whereas with the lines protected by one ground wire only the 
average is 3.78 interruptions per 100 miles per year. [If it is 
considered on the double-cireuit lines that the exposure to light- 
ning is proportional to tower line miles rather than ecireuit 
miles, the interruptions per 100 tower-line miles per year with 
two ground wires would be 2.2. Hither of the two figures for 
the lines equipped with two ground wires indicates a material 
linprovement in performanee in comparison with the lines 
equipped with one ground wire only. 

Another interesting instance showing the protection of the 
ground wires can be cited on our Chicago Heights—Joliet line 
which had a four-mile section of ground wire removed during 
1980 in the vicinity of the Frankfort lightning oscillograph 
station. During 1927, 1928, and 1929 there had been no trip- 
outs due to lightning in this section protected by the ground 
wire although during the two years previous to this, 7. e., in 
1925 and 1926 during which there was no ground wire installed, 
there had been a number of lightning interruptions through this 
section. During 1930, with the ground wire removed, there 
were three lightning trip-outs in this section. 

C. L. Fortescue: The first part of Mr. Peek’s paper which 
seems to me to be a plea for the induced stroke theory is written 
in a convincing manner. If it were not for the fact that I have 
what I believe to be good physical grounds for disagreeing with 
him I might even be convinced myself. The basis on which the 
conclusion was arrived at by the group of engineers working on 
the lightning investigation, with which I have been associated, 
was that induced surges were probably not a factor in producing 
outages due to lightning on high-voltage lines. Last summer I 
made a mathematical analysis of the magnitude of induced 
voltages that would appear on a line due to a stroke to earth 
nearby and the value I obtained for a cloud discharging at the 
rate of 200,000 amperes was of the order of 120 kv. Mr. Peek 
says in his paper that the low value which I obtained was due 
to my assumption that the cloud was 5,000 feet high and he 
states, though I do not clearly follow his reasoning, that if a 
lower height had been chosen the induced voltage obtained 
would be much higher. If I understand his reasoning, it is 
based on the fact that with 20 coulombs the field due to the 
cloud at the lower height would be very much more intense. 
However, the 20 coulombs and the height chosen will give a 
field of 50 kv. per foot at the earth’s surface which is a fairly 
intense field and with lower heights the same field gradient will 
require correspondingly lower charges. 

It would:seem reasonable that the formation of the lightning 
streamer would be associated with some minimum value of field 
intensity and therefore the clouds at the lower height would 
be apt to discharge at a lower energy content and therefore 
produce lower induced surges than clouds of higher altitude. 
This seems to be in accord with field experience, in that in the 
parts of the country where the ceiling is low the thunderstorms 
are more frequent but apparently not so violent as in those parts 
where the ceiling is high. 
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As to the physical conditions which I feel absolutely prevent 
the cloud from discharging at the rates required to produce a 
high induced yoltage, the thundercloud itself is bipolar, that is 
to say it has a positively and a negatively charged portion. 
This. has. been determined by actual observation and is an 
experimental fact. The very nature of the thundercloud re- 
quires that-its atmosphere shall be a good insulator. In fact, 
it is probable that the cloud atmosphere is a better insulator 
than atmospheric air at the earth’s surface on account of the 
absence of free electrons. This atmosphere of the thunder- 
cloud consists of discrete particles of water vapor charged with 
electricity. There are several theories accounting for the 
presence of these charged particles and the bipolar nature of 
the thundercloud. That of Dr. Simpson of the British Mete- 
orological Department, is perhaps the best known and the one 
that is generally accepted. According to this theory the large 
drops of water are broken into spray by the wind and in doing 
so the spray is negatively charged and carried upward by the 
wind and in descending forms the negative portion of the cloud, 
the first portion of the cloud consisting of large water drops be- 
comes positively charged. The two portions of the cloud 
atmosphere are kept separated by the wind due to a difference 
in their mobility. However, if free electrons were present in 
large quantities these would not be affected by the wind but 
only by the electric field in the cloud, as a consequence of which 
they would discharge the two portions of the cloud ‘as fast as 
they become charged. It is a fact that the particles of water 
vapor have the faculty of capturing the stray electrons that 
make possible the formation of the thundercloud. 


The particles of water vapor have very little mobility and 
consequently when the lightning channel is formed between 
cloud and earth'they cannot by their motion discharge the cloud. 
The only way that the charge of the cloud can be earried to 
earth is by ionization of the cloud atmosphere itself and this is 
a slow process requiring a high gradient, and the velocity of 
discharge instead of being of the order of the velocity of light 
will probably be of the order of one-twentieth this velocity. 


I cannot follow Mr. Peek’s reasoning regarding the relation 
between the time from zero to crest of the wave and the height 
of the thundercloud. I can see no relation whatever myself. 
For example, in the case which I considered last summer with 
an infinite line ahd the cloud discharging at a uniform rate, the 
analysis shows that the induced voltage will continue to in- 
eréase until the discharge ceases and then it will decrease log- 
arithmically. Here, where I took a uniform rate of discharge 
of the cloud of 200,000 amperes, the total quantity discharged 
being 20 coulombs, the time from zero to crest would be 100 
microseconds. It also seems to me that the assumption that 
the undistorted positive surge, where no outage had taken 
place on the line, is induced, is not tenable, for in probably one- 
half the cases where a direct stroke takes place to the line no 
outage occurs even though the insulator flashes over. 

Regarding the time of discharge of surges due to direct strokes, 
as I have pointed out many times, a cloud discharge may or may 
not reach earth depending upon whether the energy given up 
by the cloud is sufficient to support the streamer in its path 
towards earth; consequently, the lightning strokes to a line 
may be weak and of short duration or intense and of long dura- 
tion. I think it.may be stated quite definitely that those of 
short duration have very little potential while those of long 
duration have a high potential. To support Mr. Peek’s theory 
of induced voltage this condition would have to be reversed, 
that is to say, intense strokes would have to be of short duration 
and the weak strokes would have to be of long duration. These, 
in brief, are the physical reasons why I do not believe that it is 
possible to get a very high voltage induced in a transmission 
wire due to a stroke of lightning to the earth that does not hit 
the wire. 

Referring to the paper by Lewis and Foust, I would like to 
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point out that one is not justified in assuming that a stroke — 
which reaches the earth near a transmission line will not also 
make contact with the line itself. In fact it is highly probable 
that even though the main part of the stroke hits the earth a 
streamer may strike the line or that a second stroke following 
in general the path of the first may make electrical contact 
between cloud and line in either of which cases, of course, the 
surge resulting cannot be considered as an induced surge. 
Furthermore on transmission lines well protected with ground 
wires when the ground wire is struck the conditions are ideal for 
producing a high-induced surge were such a surge possible, since 
there is a bound charge on the line wires which is released when 
the lightning stroke is discharged to earth through the ground 
wires and towers. However, we have no record of any such 
high-induced surges despite the fact that our cathode-ray 
oscillographs have been connected to lines which were known 
to be struck by lightning. 

In the paper by Mr. Lloyd the means by which he arrived at 
the 670,000 amperes of lightning current, shown in this table, 
is not permissible. I understand that the currents in his six 
towers were added directly. Sinee these maxima occur at 
different times and a considerable time after the maximum crest 
of the lightning stroke they cannot be added directly. As far 
as I can’ see, if the measurements are correct the current that 
can be assigned to the lightning stroke is not over 300,000 
amperes. 

F. W. Peek, Jr.: Contrary to Mr. Fortescue’s impressions, 
the first part of my paper is not a plea for induced voltages. I 
have shown how induced voltages are affected by such factors 
as height of cloud, time of discharge, current, height of line, 
gradient, ete. Then, by inserting measured values of current, 
time, ete., I have shown the possible range of induced voltage 
values on lines. It is quite evident that much higher induced 
voltages result from certain types of lightning discharges than 
from others. Some discharges near a line would be expected to. 
cause high voltages while. others would not. The relative 
oecurrence of these types and therefore the frequency of high- 
induced voltages is being determined statistically by cathode- 
ray measurements. High-induced voltages can occur. How 
often are the conditions such that they do occur? 

A similar analysis has been made in my paper of direct strokes 
and methods of determining their effect developed. 

In general it can be said that as the operating voltage, or 
rather the line insulation is increased, the direct stroke becomes 
an increasing cause of outage. For the low-voltage line the 
induced voltage is the principal cause of trouble. It cannot be 
said that there is any definite dividing voltage at which one or 
the other is the more important. 'There are too many varying 
factors involved for different locations. For high-voltage lines 
the design must be made with full consideration of direct strokes. 
Fortunately, direct-stroke remedies are also good induced voltage 
remedies. I have given a number of examples in my paper. 

Mr. Bewley in his discussion has brought out some very 
important facts. One of these that I also wish to emphasize 
is that the different variables such as time, voltage, current, 
are definitely related and that erroneous conclusions will be 
reached if arbitrary values are assigned to one group without 
reference to the other. This has been largely done in the past 
by some investigators. 

Perhaps the most interesting fact brought out in my paper 
is that complete information regarding a lightning stroke in- 
cluding height of cloud, voltage, ete., is given by the oscillogram 
of the traveling wave on a transmission line. Such a wave is 
in fact an illustrated autobiography of the stroke. 

Mr. Fortescue has asked how a cloud lower than 5,000 ft., 
which he assumed in his example cited in my paper, could cause 
a higher induced voltage. Mr. Fortescue will find that the 
equation which he used in ealeulating his example can be reduced 
to the following form: 
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Where h = height of line in feet 
H = height of cloud in feet 
I = current in amperes 

With the equation in this form it can be readily seen that if 
the cloud height H is reduced with a given constant discharge 
current the voltage is increased. For example, with a cloud 5,000 
ft. high the induced voltage at 200,000 amperes discharge is 
120,000 volts on a 50-ft. line wire; with a cloud 1,000-ft. high the 
induced voltage at. 200,000 amperes discharge is 600,000 volts 
on.a 50-ft. line wire. Examples.of this are given in Table II 
of my paper. 2 

Mr. Fortescue speculates on the. time that it takes a cloud to 
discharge. I have avoided this speculation and have considered 
values of time measured by the cathode-ray oscillograph. _ The 
time of cloud discharge should be no longer than the total time 
recorded by the oscillograph. (See Fig. 2 of my paper.) Mr. 
Fortescue states that his 5,000-ft. cloud discharging at a velocity 
of 1/20 of that of light. would require 100 microseconds to com- 
plete its discharge. A great majority of the cathode-ray oscillo- 
grams of natural lightning are much less than 100 microseconds 
and some of the more severe ones are of the order of 10 micro- 
seconds. 

In support of his belief that no relationship holds between 
the front of the wave and the height of the cloud Mr. Fortescue 
states that the final crest is not reached until after 100 micro- 
‘seconds. It is quite true that the final crest is not reached until 
100 microseconds have elapsed in his example. However, if 
the calculated curve is plotted it will be seen that the voltage 
reaches 90 per cent of its final value at the end of 10 microseconds 
and it takes 90 microseconds to reach the remaining 10 per cent. 
Practically speaking, therefore, the crest of the wave is reached in 
10 microsee. Thus, 

2 H = 10 microsec. 


or 
H = 5microsec. = 5,000 ft. 

In other words, the height of the cloud is determined from the 

time from zero to approximate crest of the wave. 

If the bound charge had been rectangular the front of the wave 
would have been exactly the length of the bound charge. For 
other distributions it is very nearly so. 

The energy necessary to complete a lightning discharge is less 
for short streamers than for long ones. It follows, therefore, 
that although the energy of a low cloud may be less than for a 
high cloud a discharge may nevertheless take place. 

Mr. Fortescue has questioned Mr. Lloyd’s method of arriving 
at the total current in the lightning stroke by adding the currents 
measured in the adjacent towers. I have analyzed this method 
and illustrate the results in Fig. 9 of my paper. This analysis 
shows that with moderately low tower footing resistances approxi- 
mately correct values of total current are obtained by adding 
the values measured in the several separate towers. Correction 
may be made from Fig. 9. 

C. L. Fortescue: I pointed out in my discussion of Mr. 
Peek’s paper that the nature of the thunder cloud does not 
permit of very quick discharge of its energy, and, therefore, the 
induced surges are not of high enough magnitude to affect 
high-voltage transmission lines. It is quite possible, however, 
that for the lower voltage lines, those below 66,000 volts, the 
surges produced by induction may be a factor in causing outages. 

In answer to Mr. McEachron’s questions I think that I have 
made it plain in my discussion why I believe it impossible for 
a thunder cloud to discharge at a high rate. However, I have 
mentioned the speed of propagation of the lightning channel 
between ground and earth as being of the order of one-twentieth 
the velocity of light. My basis for this estimated velocity is the 
speed of propagation of streamers between two spheres. In 
tests with suppressed charges this velocity was estimated to be 
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of the order of one-twentieth the velocity of light. ‘This, how- 
ever, is merely an approximate figure. It is probable that the 
speed of propagation is not as high as this. If I remember cor- 
rectly, Dr. Toepler estimates it even lower than this. I think 


‘his figure, based on analysis, gave it as of the order of one- 


thousandth the velocity of light. 


With regard to the nature of the lightning discharge during 
the progress of the streamer, the space charge on the outside of 
the streamer is progressively fed by the actual current in the 
channel which is comparatively small. However, the air in the 
core of the channel is probably highly conducting through 
thermionic disassociation of the air molecules.. On account of 
the fact that current in this core is small most of the’ energy 
in the channel before it. reaches the earth» is potential energy 
in the form of space charge. ‘However, when the streamer 
reaches a transmission line, this potential energy is at once 
changed into kinetic energy which results in a surgé: propagated 
in the transmission line away from the channel and a receding 
surge propagated in the channel changing the potential energy 
into kinetic energy, or, in other words, producing current: flow 
in the channel. When this receding wave reaches the cloud, it 
at once sets up a high gradient in the cloud causing the release 
of more of the cloud’s energy. This gradient is, of course, 
propagated into the cloud producing ionization and even streamer 
formations. : 


I do not agree with Dorsey’s dart theory nor do I believe 
with Simpson that the streamer is initiated at the positive end. 
I believe that the streamer is set up by conditions at the sur- 
face of the cloud which produces high enough gradient to cause 
ionization and that this condition will persist so long as the 
cloud is able to furnish sufficient energy to keep the streamer 
progressing. This means that at the end of the streamer space 
eharge must be formed high enough to cause progressive ioniza- 
tion. The streamer, therefore, progresses as fast as it can with 
the energy available, the speed being controlled by the rate at 
which ionization can take place. 

After the channel has been established between the cloud 
and earth, it then forms a conducting path and the propagation 
of the energy from the cloud to the earth along this channel is 
determined by the law of propagation of surges along conductors. 
However, as Mr. MeHachron remarks, surge impedance along the 
channel is not uniform but will depend upon the height above 
earth, but the only value that we are concerned with in estimating 
the effeet on transmission lines is the value at the point of the 
stroke which I have estimated to be 200 ohms. This figure may 
be too high or too low, but it is convenient to use as a basis 
for estimating the surge potentials that may rise on transmission 
lines due to lightning. Of course, just at the instant before the 
streamer strikes the transmission line, its actual potential will 
be double that assigned to the kinetic surge, which conforms to 
the law of surge propagation. J agree with Mr. McKachron that 
research should be carried out to determine the proper value to 
give to this surge impedance and also the mechanism of the 
streamer formation should be given considerable study, but we 
cannot wait for the results of these investigations in designing 
transmission lines. 

Mr. MeEachron also remarks that the values given for 
spacing between ground wires and lines in the middle of the span 
seem to him excessive. This may be true and there are lines with 
maximum spacings of the order of 15 to 17 ft. which are giving 
a good record in certain parts of the country. Some recent 
laboratory work indicates that a lower spacing will be satis- 
factory, perhaps a maximum of from 30 to 35 ft. This lower 
spacing results from the fact that the coupling between ground 
wire and line wires is much higher than that obtained from the 
physical dimensions of the wires, on account of the large diameter 
due to corona formation on the ground wires at the instant 
of stroke. In short, I am in accord with most of what Mr. 
McEachron says and agree with him that we have a lot more to 
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learn about lightning though we have made very marked progress 
ju the last few years. However, I feel that it is better to err 
on the safe side and use somewhat larger clearances than neces- 
sary than to use too small clearances and regret it later on. 


In his discussion of the induced stroke versus direct stroke 
theory, Mr. McEachron assumes that when the earth or a tree 
is struck in the neighborhood of a transmission line that the 
high voltage appearing on a transmission line as a result of the 
stroke is necessarily induced. I wish to suggest that when a 
high resistant object is struck the potential of the streamer may 
have a value of 40,000,000 volts. Under these conditions it 
is quite possible for a side streamer to also hit the transmission 
line. The lightning stroke as we see it is made up of a succes- 
sion of discharges, some of which might hit the tree and others 
of which might be diverted to the transmission line. The con- 
elusions that outages on high-voltage transmission ‘lines are 
caused by direct strokes and not by induced surges are not only 
based on observations of the past few years but also on analysis. 
In order to produce potentials of the order of several million 
volts, it will be necessary to have discharge current in the 
lightning channel of the order of several million amperes. Such 
measurements as have been taken in the past show no indication 
of discharge currents of such large order of magnitude. 


W. W. Lewis and C. M. Foust: Referring to Mr. Cox’s 
discussion, the antennas adjacent to the Pennsylvania line are 
connected to ground through a few megohms resistance. They 
are intended to give a measure of the cloud field potential at the 
height of the antennas and not to measure the potential which 
would be induced on the line. 


In the next to the last paragraph, Mr. Cox states that Mr. 
Torok’s work indicated that a discharge streamer always started 
from the electrode of high potential (gradient), that is, the elec- 
trode of smallest effective dimensions, whether such electrode is 
positive or negative. This is equivalent to stating that polarity 
has no importance in connection with breakdown between 
electrodes of dissimilar shape. 


As pointed out in our paper, a considerable amount of published 
data, showing the importance of polarity effects on such break- 
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down is available. Attention is especially called to Reference 18. 
The authors have presented considerable evidence which demon- 
strates the vital importance of polarity in the mechanism of 
breakdown in an article, entitled, ‘““Direct Strokes to Trans- 
mission Lines,” G. H. Review, August 1931. 

The final paragraph of Mr. Cox’s discussion refers to a sug- 
gested explanation for the high-positive conductor potentials 
recorded at one station with very little or no voltage at adjacent 
stations. We agree with Mr. Cox that the apparent rapid 
attenuation indicates that these are not induced surges of the 
commonly accepted kind. The second explanation the authors 
feel to be more reasonable. There are considerable data showing 
that the tower structure and adjacent ground are elevated to 
high potentials when the direct-stroke currents pass through the 
tower structure. The conductor tends to remain at ground 
potential. The measuring instrument connected between the 
conductor and the bottom portion of the tower measures a 
potential between the highly-charged tower structure and the 
conductor. The instrument, of course, indicates a conductor 
polarity opposite to that of the tower itself. The line conductor 
record of positive polarity on this basis indicates a direct stroke 
to the tower structure of negative polarity. 

Mr. MeKachron refers to Simpson’s classification of streamers 
branching away from and toward the cloud. Further considera- 
tion of this classification might indicate somewhat different 
conclusions. The large number of unbranched discharges 
would appear to the authors to be logically classified as strokes 
between negatively charged clouds and positively charged earth. 
The upward streamer branching is very likely entirely concealed 
from the observer, as it takes place in the cloud itself. The 
preponderance of branched discharges found among collections 
of photographs is, undoubtedly, influenced by a desire to retain 
the more spectacular pictures. 

The field distribution between cloud and transmission line 
tower is such that any extension of breakdown streamers from 
the tower toward the cloud would result in an increasing gradient 
at the streamer tip and, thus, a rapidly increasing streamer 
length. Long streamers proceeding from the tower top and 
terminating in space would not be common on this basis. 


An Electric Analog of Friction 


For Solution of Mechanical Systems Such as the 


Torsional- Vibration Damper 
BY H. H. SKILLING: 


; Associate, A. I. E. E. 


Synopsis.—When the mathematical solution of a problem is so 
difficult as to be impracticable it sometimes is possible to obtain the 
desired answer from the behavior of an analogous electric circuit. 


OLUTION of the equation. of motion for the 

torsional-vibration damper represents one of the 

mathematical problems which is extremely dif- 
ficult to solve. Almost endless complications are 
involved on account of the peculiar combination of 
vibratory motion and friction which the problem 
contains. An approximate solution can be arrived at 
by introducing several assumptions, but this is not 
entirely satisfactory; in the more intricate cases, 
approximate solutions are of no value at all. In order 
to predict the effectiveness of new designs, mechanical 
models sometimes are built and tested. Difficulty 
often is experienced, however, in the construction of 
these models, and in addition, the results obtained have 
been found to be somewhat uncertain. 


In this article is proposed a method of solution 
wherein electric analogs are set up for the various 
types of mechanical motion involved. An electric 
circuit can then be set up with constants analogous 
to the mechanical characteristics of the apparatus 
being studied. The principal advantage in treating the 
problem in this manner is in dealing with a system 
easily put together and altered, and with quantities 
easily metered. Although the analogous method in 
general is not new, difficulty -has been experienced pre- 
viously in representing mechanical friction electrically. 
In the present investigation this obstacle has been over- 
come by the use of gaseous conduction tubes. 

The torsional-vibration damper is in effect a fly- 
wheel that fits loosely on a shaft. A common applica- 
tion is on the crank-shaft of a Diesel engine, where 
there is danger of torsional stress in the shaft becoming 
extremely large because the natural frequency of 
oscillation of the shaft may be the same as the firing 
frequency of the cylinders. The damper flywheel is 
placed on the shaft at the point where torsional vibra- 
tion is greatest; it is not keyed fast but turns with the 
shaft because of the friction between the two. When 
rapid torsional vibration of the shaft exists, the friction 
force is not great enough to accelerate the flywheel as 
rapidly as the shaft; hence the shaft slips within the 
flywheel and in so doing dissipates sufficient energy to 
prevent resonant oscillation of the shaft. In actual 
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This article presents an analog of ‘“‘coulomb friction,’ and demon- 
strates the application of this analog to the previously wnsolved 
problem of the torsional-vibration damper. 


design, the damper although simple is not so elemen- 
tary as this account has indicated. A detailed descrip- 
tion may be found in a paper by Den Hartog and 
Ormondroyd (A.S.M.E.Trans., Vol. APM-52-13, 
p. 133) which also treats its action by an approximate 
mathematical solution. 

With ordinary dry friction—so-called ‘coulomb 
friction’’—which is involved in the torsional-vibration 
damper, the frictional force depends upon the nature of 
the rubbing surfaces; also upon the force holding them 
together, but not upon velocity. An electric analog for 
this application must therefore produce a constant 
voltage drop, variable at will but independent of the 
amount of current flowing. 


TABLE I—MECHANICAL-ELECTRICAL ANALOGIES 


Mechanical quantity Electrical quantity 


EOL UG st ta cesre on Bora narede ees pret Oa oat eos Voltage 
Wielocitya (aneulas) oes tiwae ss: intclecudtarmiceaaee Current 
Displacement (ANSUlar) ac. oncavsie ay enesowctrroremsnevone Charge 
IVLOMICDIGT OL IMOLGIA crctennitie arereneee erdioke ett ste eae Inductance 
Hilastance: (torsional) ciape« c. ane< S-eneneysoe aie eanars Elastance 
Mechanical hysteresis. (0000. solace cece ss Resistance 


A mechanical system which is the practical equivalent 
of a Diesel engine may be seen in Fig. 1. The main 
flywheel is shown at A; moment of inertia of the pistons, 
cranks, and other moving parts is represented by 
another flywheel B; the damper flywheel which fits 
loosely on the shaft is shown at C. Input torque from 
the cylinders, which may be considered as a steady 
torque with a superposed alternating torque, enters 
the system at the pistons. Any load on the engine 
will be applied to the left of the main flywheel. 

The electrical analogy to this mechanical arrange- 
ment is shown also in Fig. 1 where, with the exception of 
friction between the shaft and the damper flywheel, 
the electrical quantities used are as shown in Table I. 
Analogous to the shaft is condenser C; analogous to 
the piston flywheel B is inductance L. These cooperate 
to form the oscillating system, since the main flywheel 
is so large that for the present it can be considered in- 
finite and therefore impassable by any vibrations. The 
damper flywheel C is represented by the inductance L, 
but because of its looseness on the shaft a shunt must be 
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connected around the inductance to make the analogy 
complete. In this shunt is the apparatus which, to be 
analogous to friction of the flywheel.on the shaft, must 
prevent current from flowing until a certain voltage is 
reached, and then permit current to pass without any 
further increase of voltage. 

The peculiar property of constant voltage drop is 
possessed by a mercury arc; it is also characteristic of 
glow discharge under special conditions. For this 


oO 


Fic. 


1—(ABovE) 
REPRESENTING THE DieseL ENGINE; 
ANALOG OF THIS MECHANICAL SYSTEM 


MercuHanicaL SysSt—eEM SCHEMATICALLY 
(BELow) THE ELECTRIC 


investigation raytheon gaseous conduction tubes were 
employed. Two tubes were used, one to pass current 
in each direction; the voltage drop in the tubes as they 
were connected in this case was 85 volts independent 
of current. In series with each tube was a source of 
potential which either added to or subtracted from the 
85-volt tube drop depending upon other conditions. 
For the input to the circuit an alternator was used the 
speed and voltage of which could be varied over an 
extremely wide range; its resistance, together with that 
of the rest of the system, was small. For mechanical 
hysteresis losses in the elastic parts, and for any viscous 
friction that may exist, resistance is sufficiently analo- 
gous to permit its use. 

The validity of the complete analogy may be seen 
from the differential equations of the two systems which 
-are adapted from Den Hartog. For the mechanical 
system, 


aa 
d t? 


da 


dt 
when the damper flywheel is not slipping, and 


vi + I’ +ka=Msinwt 
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7 ee 
dt? 


when this flywheel is slipping. 


+katT =Msin wt 


I = moment of inertia of system being damped 
I’ = moment of inertia of damper flywheel 

k = elastance of shaft 

a = flywheel displacement from neutral 


M sin wt = input torque as a function of time 
The analogous electrical equations, when the shunt 
is not working and when it is, are respectively, 


weed ye Lay eee 
Higgs Gas Ct 
pide =esin wt 
FE ar CG gqtv=esinw 


All terms are well known except v, the voltage drop in 
the leak, which is added or subtracted depending upon 
the direction of the current. The analogy of corre- 
sponding terms, displacement, and charge, for ex- 
ample, may be seen to agree with Table I. 

The purpose of making a detailed study of damper 
performance, whether by mathematics, model, or 
analogy, is to determine whether a particular damper 
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2—PERFORMANCE CURVES FOR THE ‘TORSIONAL- 
VIBRATION DAMPER AS DETERMINED BY HuEcTRICAL ANALOGY. 
(A) Wits Ricip Damper SuHart; (B) Wits Exvastic DAMPER 
SHAFT’ 


is so proportioned as to prevent dangerous stresses 
in the shaft. Momentary stresses in a shaft are ex- 
ceedingly difficult to measure, but the analogous volt- 
ages across the condenser in the electric circuit may be 
read quite easily on a crest-reading voltmeter; thus for 
any given combination of quantities and dimensions 
an indication of maximum. stress is obtained im- 
mediately by simply reading that meter. 

The crest voltage of condenser C (Fig. 1) is analogous 
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to the maximum torque in the shaft and will be desig- 
nated by S; analogous to the torque required to slip 
the shaft inside the damper flywheel, is the voltage 
drop in the leak which will be denoted by T. Results 
of a study by such analogy may be plotted showing S 
as a function of 7, where curves similar to those of 
Fig. 2 will be obtained. If the value of S at the lowest 
point of the curve represents a safe stress, the damper 
is large enough to be useful; the value of T correspond- 
ing to this minimum value of S gives the optimum 
adjustment for tightness of the damper flywheel. 

To avoid changing back and forth from mechanical 
to electrical units, it is well to avoid absolute values of 
quantities. Relative values need not be so transformed. 
Let M be the amplitude of the alternating input torque; 
instead of plotting S as a function of T, S/M may be 
plotted as a function of T/M. This scheme involves 
neither volts nor foot-pounds but only ratios, the ratio 
of voltage to voltage being of course numerically equal 
to the analogous ratio of torque to torque. The scale 


Fie. 
Damper witH Euastic DAMPER SHAFT. 
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3—Euectric ANALOG OF THE TORSIONAL-VIBRATION 
CoMPARE WITH 


of the electrical model is equally unrestricted; only 
the proper ratios between parts need be specified. The 
frequency of the input voltage is of course the fre- 
quency causing the most severe stress; in the simple 
mechanical system the crucial stress will occur when 
the frequency of firing is the same as the natural fre- 
quency of the vibrating system. 

As a typical example, assume a damper with moment 
of inertia of the damper flywheel equal to the moment 
of inertia of the system being damped. In the analog 
any convenient capacitance and inductance may be 
used to represent C and L (Fig. 1), but they must be 
resonant at some frequency attainable by the alternator 
used for input. The inductance L’ equal to L is then 
added, and the vacuum-tube leak is connected across 
L’. The input voltage is adjusted to any convenient 
value, and the voltage drop in the leak circuit made 
comparatively large (for instance, 15 volts input and 
85 volts drop in the leak). Now, as the frequency of 
the input voltage is varied, the crest voltage across 
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condenser C will rise to a maximum and then decline. 
The maximum value of this voltage (in this particular 
case about 208 volts) is analogous to the maximum 
torque in the engine shaft. Dividing this by the maxi- 
mum value of the input voltage, (about 21.2 volts) 
and the result S/M is about 9.8; divide the .85-volt 
drop also by 21.2 and the quotient, which is 4, is the 
value of T/M. By varying the leak and input voltages, 
enough points can be determined to give curve A of 
Fig. 2. This curve gives the whole story of the opera- 
tion for this particular damper. Moreover, it gives 
the entire story of operation for all dampers having 
the same moment of inertia as has the system being 
damped. In present practise, however, a damper has 
from one-fifth to one-tenth the amount of inertia of the 
system being damped, and S/M is proportionately 
larger. 

So far, the damper has been considered as being 
applied to the simplest possible vibrating system. This 
simple system may be solved mathematically, although 
with some difficulty if approximations are avoided. 
Accordingly, this case was used as a general check on 
the method, and the results were compared with Den 
Hartog’s computed values; agreement was so close as 
to be within the limits of experimental error. 

With the more complicated systems, however, solu- 
tion by analogy is of far greater value. When the 
elastance of that part of the shaft labelled S’ (Fig. 1) 
is considered, a mathematical solution is out of the 
question; in the analog a condenser of the proper size 
is simply shunted around L’, and the solution is as 
simple as before. The study of this circuit disclosed an 
interesting and important relationship that previously 
was not recognized. As it is a typical analog, it will be 
used as a further example of the application of the 
method. 

The circuit used with C’ representing the elastance of 
the damper-shaft is shown in Fig. 3. The elastance of 
condenser C’ must bear the same proportion to con- 
denser C as elastance of the damper-shaft does to the 
main shaft. Now as the input frequency is varied, the 
voltage measured across C no longer has one maximum, 
but three. The reason for this is apparent from the 
diagram, since there are now two resonant parts of the 
circuit, consisting of (1) C and L and (2) C’ and L’. 
At some definite frequency the reactance through C 
and L in series is zero; at two additional frequencies 
the reactance of the complete circuit is zero. However, 
if the natural frequency of C’ and L’ is the same as 
that for C and L, when the reactance through C and L 
is zero, the reactance through C’ and L’ is infinite; 
thus the circuit current under these conditions is small 
and one maximum eliminated. The other two maxima, 
one falling at a higher and one at a lower frequency, 
must be prevented from becoming serious by the action 
of the leak. 

Experiments with this second analog showed that 
the damper is much more effective with an elastic 
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damper-shaft than it is with a rigid shaft as in the first 
ease. When the damper flywheel has one-fifth the 
moment of inertia of the system being damped, and 
when the damper-shaft is one-fifth as stiff as the main 
shaft, the analog method gives results as shown in curve 
B, Fig. 2. To make due allowance for the light weight 
of the damper, all ordinates have been multiplied by the 
ratio of moments of inertia (one-fifth); this makes the 
curves comparable to those of Den Hartog and Ormond- 
royd if a factor of 1/7 is introduced into the vertical 
scale. 

Since the primary purpose of this article is to point 
out the merits of the electrical means of solution, no 
particular attention is given to the mechanical merits 
of this new design of damper. Certain relationships 
were discovered by study of the analog, however, which 
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seem worthy of mention. The “elastic damper-shaft”’ 
is not in the nature of a spring, for a shaft one-fifth 
to one-tenth as rigid as the main shaft of a Diesel 
engine is needed. The torque on the damper-shaft 
never can exceed 7’, the slip torque of the damper, and 
the shaft may be designed accordingly. The smaller 
the damper, the more effective will be a proper damper- 
shaft in improving its performance. 

In conclusion, the principal advantages to be gained 
by the use of the electric analog are that (1) it shows the 
extent to which an approximate mathematical solution 
may be trusted, and (2) it offers a new method of 
approach to designers of dampers and other frictional 
devices. It is particularly useful in the study of new 
designs and at present there appears no limit to the pos- 
sible applications of the method. 


Vertical Networks in Metropolitan Office 
Buildings 


BY A. H. KEHOE! 


Fellow, A. I. E. E. 


ADOPTION IN NEW YORK CITY 


TYPE of a-c. distribution known as vertical net- 

work service has been adopted for the supply of 

twenty-two large buildings in the Borough of 
Manhattan, New York City, from the distribution 
system of The United Electric Light and Power Com- 
pany. This kind of installation was first offered by 
companies comprising the New York Edison System 
in December 1928, and at that time, the arrangement 
was accepted by the owners of the Irving Trust Com- 
pany building at 1 Wall Street as suitable for the 
electric supply to that building. Similar arrangements 
were made almost simultaneously with several other 
buildings which at that time either were being planned 
or were under construction. Since then, this type of 
service has been adopted for practically all new build- 
ings in New York City of more than forty stories, as 
well as for some lower structures. A few high buildings 
of the tower type have been built having comparatively 
small floor areas in which case there is slight advantage 
in this type of service. 

On January 1, 1931, there were in Manhattan ten 
completed buildings having this type of service, seven 
were under construction, and five were in the planning 
stage of development. The accompanying Table con- 
_ tains detail information regarding these installations. 
The arrangement in general may be described as an 
adaptation of the multiple-feed secondary a-c. network 
to the supply of tall or large buildings. Fig. 1 
shows typical examples of street and building network 
supply systems. 


HIGH-TENSION SUPPLY ABOVE THE STREET LEVEL 


Alternating-current distribution for densely-loaded 
urban areas in recent years has been made multiple- 
feed network in many localities. The first installation 
of this type in New York City was completed in 1922. 
This arrangement gives an economical and reliable 
system which satisfies the electrical distribution re- 
quirements of most urban districts. In many cities 
networks are of the three-phase, four-wire type, supplied 
at 120/208 volts. The distance from the distribution 
transformers over which the energy at such voltages 
can be economically transmitted is definitely limited 
if both a reasonable amount of copper for distribution 
and satisfactory regulation are to obtain. 


1. The United Electric Light and Power Co., New York, 
INS YY; 

2. Consulting Engineer, New York City. 

Presented at the Middle Hastern District Meeting 
A. I.E. E., Pittsburgh, Pa., March 11-13, 1931. 
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In a number of cities, there has been a decided ten- 
dency in recent years to increase the height of buildings; 
this has resulted in an increase of total floor area many 
times the ground area, with a corresponding increase 
in the electrical density of distribution. While in these 
large buildings the electrical-load density per sq. ft. of 
the floor area has increased somewhat, the percentage 
increase, of course, is much less than the increase in 
load density based on ground area. 
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TYPICAL HIGH BUILDING 
VERTICAL NETWORK SERVICE 


Fig. 1 


TYPICAL CITY BLOCKS 
NORMAL STREET SERVICE 


While this load can be considered as a dense load at 
the street level, yet the area may be so located that it is 
cheaper in over-all costs to supply it from distribution 
transformer capacity in the upper floors of the building 
than to distribute the energy at 120/208 volts from the 
street distribution system on which the building faces. 
Thus it might be considered that the utility has been 
provided with the equivalent of a large addition to its 
territory to be supplied. This will be readily under- 
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stood when it is realized that building heights of from 
500 to 1,000 ft. above the street are becoming common- 
place and: such buildings require large banks of eleva- 
tors, the motors of which are located in the upper 
stories of the building. Some of these elevators have 
motors ranging in size from 100 to 150 hp. for the higher 
buildings, with short period demands several times 
these values. 

With such dense loads at an appreciable distance 
from the street level, it is found to be definitely eco- 
nomical in over-all costs to distribute with multiple 
high-voltage supplies feeding a low-voltage network 
throughout the building. This system is identical in 
principle with the street network system. 


EARLY CONSIDERATIONS, ECONOMIC ASPECTS 


The introduction of this type of service in New York 
City with transformer vaults on the upper floors of 
buildings did not mark the first use of transformers 
above the street level in this territory. A few installa- 
tions had previously been made on the radial supply 
system with transformers located as high as the sixth 
floor. 

The tapped riser type of building wiring was first 
considered in 1920 when an economic study was made 
of a 50 story building for the New York Telephone Co. 
at 140 West Street. This study contemplated the 
installation of supply transformers on the floors of the 
building where the elevator machine rooms were to be 
located and a low tension tie between transformer 
rooms was to be tapped to supply load on each floor. 
A considerable saving was estimated for this system 
of wiring over the old scheme wherein all building 
feeders originate at the house switchboard located in 
the basement, but certain restrictions made it impos- 
sible to make use of this type of installation at that time. 

In April 1928, comparative estimates of building 
wiring costs for the Irving Trust Company Building, 
1 Wall Street showed a saving of $35,000, for the vertical 
network system as compared with the system in which 
the service transformers are all located in the basement. 
However, some modifications in plans were made at 
the request of the local inspection authority and all 
of the above estimated saving was not realized. 

In the Empire State Building, the network system 
- has been applied to the individual floors. Four-wire 
120/208-volt feeders from one or more centers of dis- 
tribution, where they are fused, feed into a four-wire 
main circling the floor. Unfused branch circuits are 
tapped off this main to feed one or more bays. 

With the radial system of building wiring, enough 
copper must be run from the house switchboard to 
each load group (say three floors, for lighting, an eleva- 
tor bank, or other motor group) to carry the maximum 
load of that group. With the network system using a 
tie bus between transformer banks, the advantage of 
load diversity is realized in reducing the amount of 
copper required. The utilization factor can be worked 
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out by the known probability factors for the case (see 
“Power Calculations for Elevators by the Method of 
Probabilities,” G. E. Review, October-November 1930). 
This method applies not only to elevators but is applic- 
able also to variable loads of any kind for which an 
“operating factor’ can be determined. The fifteen- 
minute demand (r.m.s. value of the load over this 
period) on the usual elevator bank is about 35 
per cent of the connected load. With the old radial 
system of wiring, a separate feeder or duplicate feeders 
must be run to each such bank having at least the load 
capacity of the fifteen-minute demand of each bank. 


OWNERSHIP OF SERVICE INSTALLATIONS AND SUPPLY 
FEEDERS 


Since a distribution installation in ‘a building cannot 
be considered to have the permanency of a street 
system, it being subject to the whims of the building 
owners, and since it cannot be utilized for any service 
other than for that particular building, there is natu- 
rally a distinct limitation to the amount of investment 
that the utility company can make for such an installa- 
tion. On the other hand, the building owner realizes 
a definitite saving in building wiring if the vertical 
distribution network is used instead of distributing 
throughout the building from street services. It is 
thus reasonable to have a different division of expense 
for vertical distribution than that which would be used 
in the case of general distribution throughout a city. 

The division used in New York is to have the utility 
company supply, own, and maintain the high-voltage 
cables and the distribution transformers with their 
associated network equipment. These are placed in 
position by, and at the expense of, the building owners 
in ducts and vaults supplied as part of the building 
installation. All low-voltage distribution conductors 
and ducts are owned and installed by the building 
owners except the 120/208-volt a-c. network ties from 
the street mains to the first distribution point within 
the building. While the building owners install the 
transformers and high-voltage cables, all connections 
are made by the utility company. This division makes 
it possible for the utility company to recover all its 
equipment in case the building is abandoned, and does 
not materially change its costs from those that would 
be incurred in supplying the building direct from the 
street system. 

The cost of the wiring installation in the case of high 
buildings is considerably reduced. Certain expense, of 
course, is incurred in using what might otherwise be 
usable in building space for vaults for distribution 
transformers but in most cases space yielding little of 
value can be used for this purpose. 


LOW-VOLTAGE TIE CONNECTIONS BETWEEN 
TRANSFORMER VAULTS 
If all conditions of supply for vertical distribution 
were the same as those found in the common network 
system, the installation would be unusual only from 
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ties has been installed without fuses and there is little 
incentive for the owner to install the secondary ties in 
conduit buried in concrete when he installs fuses which 
make it unnecessary to surround the conduit with 
concrete. Recent installations are being made with 
untapped and unfused ties installed in conduit sur- 
rounded by two or more inches of concrete; and in 
such cases, the building service is supplied locally 
from each step-down location. 


FUTURE CONSIDERATIONS 


One of the advantages obtained with vertical net- 
work service is the ability to increase the electrical 
capacity in the building in the future without expensive 
reconstruction-of the original wiring. - The ability to 
double, or triple the supply capacity, if needs be, results 
from the fact that each of the several high-voltage 
cables supplying the building is required for mechanical 
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a procedure is much simpler and less expensive than 
would be required if the increase were to be supplied 
from the street network. 

All vertical high-voltage feeder installations planned 
to date have used a dry type of three-conductor shielded 
cable with an outside wrapping of steel wires with which 
the cable is held up at the top of its run. It is possible, 
and obviously desirable, that future developments 
should make it feasible to use standard types of high- 
voltage cables for this purpose. 
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Considering the operating experience in New York 
City covering a period of about two years, the vertical 
network installations being made, are regarded to be 
more than adequate for the service requirements now 
foreseen. Improvements in methods and in equipment 
which will simplify the wiring installation and reduce 
its cost may be expected in the future as inspection 
authorities, architects, and supply company engineers 
become better acquainted with the special requirements 
of this type of installation. 


Effects of Electric Shock—II 


BY W. B. KOUWENHOVEN* 


Member, A. I. E. E. 


INTRODUCTION 


N a paper! published in January 1930 the authors 
discussed the results of a series of experiments on 
electric shock in which the electrodes were applied 

to the head and tail of animals. In those tests rats 
were used as the experimental animal and continuous 
and alternating voltage shocks at 110, 220, 500 and 
1,000 volts were given. At each voltage the duration 
of the contact was increased until it was impossible to 
resuscitate the subject by means of artificial respiration. 
The prior set of experiments brought to light certain 
facts which apply to the present series and, therefore, 
these will be recapitulated here, namely: 


1. That a 1,000-volt continuous-current circuit was 
more dangerous to rats than an alternating circuit of 
the same effective voltage. 


2. That a large rat withstood a greater shock than 
a small rat and still survived. 


38. That there was no difference between the sexes 
in their susceptibility to electric shock. 


4, That the a-c. experiments were characterized in 
many cases by paralysis of the hind legs, caused by 
hemorrhages in the spinal cord. 


It is well recognized that a factor of importance in 
cases of electric injury is the points on the body where 
contact is made with the circuit. The location of the 
contacts determines largely the pathway of the current 
flow. Once inside the body the current spreads out 
in a more or less fusiform shape, but it is difficult to 
believe that the current density is high in organs distant 
from the main path. For example, in man, if the 
contact with the circuit is made with one arm and a 
leg, it is scarcely possible that considerable current 
will pass through the brain. 

With the electrodes on the head and tail of an animal, 
the brain lies directly in the current path. In the 
previous study it was found that the brain appeared to 
be injured readily by the passage of an electric current. 
After the death of the rats Dr. Langworthy? found 
evidences of macroscopic and microscopic hemorrhages 
in the brain and also of considerable damage to nerve 
cells in many of the rats. In legal electrocution one 
electrode is placed upon the skull. 

In industrial accidents, however, the current rarely 
passes through the head. In the 479 cases discussed 
by Maclachlan? the path of the current was commonly 
from the hands to the feet. The present series of 
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experiments was undertaken to study the influence of 
the current path upon the effects produced by an 
electric shock. Are injuries to brain cells produced 
when the current does not pass through the head? 
Rats again were chosen as animals for study, both be- 
cause of our knowledge of their behavior and because a 
rat seldom, if ever, dies of damage to heart after an 
electric injury, but rather from respiratory failure. 


In the present series, 102 rats were shocked with a 
1,000-volt circuit, half with alternating current and 
half with direct current. In all cases the duration of 
the contact was two seconds. The position of the 
electrodes was varied in these experiments. A few 
tests were made with the electrodes on the head and 
tail of the animals to check the results of the prior 
series. Other current paths were, right fore-leg to 
tail, left fore-leg to tail, right fore-leg to left hind-leg, 
left fore-leg to left hind-leg, right fore-leg to left fore-leg, 
and right hind-leg to left hind-leg. 


TECHNIQUE 

Preparatory to the shock the rats were given ether 
until they were quiet. The points of contact were 
moistened thoroughly with saline solution and the 
electrodes, voltmeter clips filed smooth, were attached. 
When connection was made to the head, a special 
electrode was employed which made contact only on 
the upper surface of the skull, and did not interfere 
with breathing. 

After the electrodes were in place, the rat was allowed 
to recover from the effects of the anaesthetic before the 
closure of the switch in the high-tension circuit. The 
circuit was held closed for two seconds and the current 
flowing through the animal was recorded. ‘Time was 
measured with a stop watch. 

Immediately following the shock, the animal was 
removed from the circuit. If there was no evidence of 
breathing, artificial respiration was applied. This 
consisted of the application of digital pressure upon the 
chest, reproducing as far as possible the Schaefer prone- 
pressure method in man. The tongue was pulled out, 
the vagus nerves in the neck were stimulated by strok- 
ing with the fingers, and efforts were made to keep the 
respiratory tract free from mucus. 


OBSERVATIONS 


Following the a-c. injuries, the chest of the animal 
was fully expanded. This seemed to be an important 
aid to the resumption of spontaneous breathing or to 
adequate artificial respiration. On the other hand, 
after contact with the d-c. circuit the chest was collapsed 
and it was difficult to get air into the lungs. The a-c. 
circuit produced a very strong contraction of muscula- 


165). 


1166 


ture of the body and this in the cases of males was 
accompanied almost invariably by an emission. Clonic 
movements of the muscles of the leg were observed in 
many of the a-c. injuries. They were probably pro- 
duced by irritation of the nerve cells due to asphyxia- 
tion. Bleeding of the conjunctiva occurred in many 
cases. 

The results are arranged in groups in accordance 
with the location of the electrodes upon the surface of 
the body. The data for the principal groups are stated 
in tabular form. The tables give the animal number, 
sex, weight in grams, the type of circuit, the current, 
whether or not artificial respiration was required, and 
the condition of the animal following the injury. 


ELECTRODES ON HEAD AND TAIL 


Six rats in the present series and ten in the prior 
series were subjected to a two-second contact with a 
1,000-volt a-c. circuit with the electrodes on the head 
and tail. As may be seen. from Table I, artificial 
respiration was applied in 88 per cent of the cases, and 
five, or 31 per cent, recovered. The balance died or 
were paralyzed by the shock. Three of the five that 
recovered were normal. After breathing was estab- 
lished it was rapid, shallow, and somewhat irregular for 
several hours following the injury. Later it became 
normal. 

Only one of the six rats in this series was paralyzed 
as against five of the ten in the prior series. In fact in 
this present group paralysis was less common and 
fewer hemorrhages in the spinal cord were found than 
in the tests of a year ago. No explanation for this 
discrepancy can be given. 

In the tests previously published no rat survived a 
contact of one second or over with a d-c. circuit of 
1,000 volts. Therefore, in this series only two animals 
were given a two-second shock at this voltage. Neither 
of them survived, although their hearts beat strongly 
for several minutes following the contact. Autopsy 
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showed only few abnormalities. The microscopic ex- 
amination of the brains of the rats of the prior series 
revealed, however, that the current had caused nerve- 
cell injuries incompatible with life. 

The observations in the present group check those 
of the prior experiments where the electrodes were 
applied to the head and tail of the animal. It is clearly 
evident that contact with a 1,000-volt d-c. circuit is 
much more deadly to a rat than contact with an a-c. 
circuit of the same effective voltage. In this series, 
artificial respiration was applied to all of the animals 
tested with continuous current, and 100 per cent of 
them died. In the a-c. tests, however, artificial 
respiration was needed in only 88 per cent of the cases; 
31 per cent of the animals died; 38 per cent were 
paralyzed; and 31 per cent recovered from the injury. 


ELECTRODES ON RIGHT FORE-LEG AND TAIL 


Twelve rats were given a two-second shock with 
1,000 volts alternating current the electrodes being on 
the right fore-leg and tail. Five of these rats breathed 
as soon as the circuit was opened, and artificial respira- 
tion was required in the other seven cases. Death 
occurred either immediately or within a few minutes in 
42 per cent of the cases, while three rats were paralyzed. 
One of the paralyzed rats died four hours after the 
injury, another nine hours, but the third survived until 
killed preparatory to autopsy. 

This group was of particular interest in emphasizing 
the fact that an animal was not necessarily on the road 
to recovery when breathing was first started. This 
phenomena is mentioned often in records of human 
electric shock. Breathing was started in three of the 
rats, Nos. 1, 2, and 8 of Table II, only to cease after a 
few minutes. A second application of artificial respira- 
tion saved only one. Several of the rats in this group 
were hyper-irritable to all sensory stimuli for some 
minutes following the injury. Bleeding from the eyes 
was a common occurrence. The paralyzed rat that 


TABLE I—TWO-SECOND SHOCK—1,000 VOLTS ELECTRODES—HEAD AND TAIL 
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TABLE II—TWO-SECOND SHOCK—1,000 VOLTS ELECTRODES—RIGHT FORE-LEG AND TAIL 
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survived had a hemorrhage in the spinal cord and there 
was no chance of its permanent recovery. 

With the alternating current flowing through the 
animals from right fore-leg to tail, four of the rats, 33 
per cent, recovered; 42 per cent died; and 25 per cent 
were paralyzed. The injury was slightly less severe 
than when the brain formed part of the current path 
as in the previous series. 

An equal number of rats was tested on the con- 
tinuous-current circuit with the electrodes on the right 
fore-leg and tail. In this test the brain did not lie 
directly in the current path and the results were vastly 
different from those of Table I where one contact was 
made with the top of the skull. Here six of the rats 
breathed spontaneously when the circuit was opened, 
whereas none were saved in the first series even after 
long applications of artificial respiration. There was 
only one rat in this group of twelve that did not at- 
tempt to breath after the injury. 

Artificial respiration was applied in 50 per cent of 
the d-c. cases; five rats or 42 per cent recovered; 25 per 
cent died; and 33 per cent were paralyzed. These 
figures do not, however, tell the whole story. The 
burns on the d-c. circuit were much more severe than 
those observed with the alternating. Because of these 
burns, it was not possible to keep any of the animals 
that survived alive for a period longer than three days 
following the d-c. shock. On the other hand, any rat 
that survived an a-c. shock without paralysis appeared 
quite normal twenty-four hours later. They ate, 
drank, and were active. It is also interesting to note 
that in this d-c. group there were two cases, No. 16 
and 21—Table II, where breathing was started, only 
to stop again. In both of these instances a second 
application of artificial respiration was unsuccessful. 
From these results it is clearly evident that in cases 


where the continuous current path does not include 
the brain there is at least a fifty-fifty chance of resus- 
citating the animal. 


ELECTRODES ON LEFT FORE-LEG AND TAIL 


Twenty-four rats were tested with the electrodes on 
the left fore-leg and tail, half with alternating and half 
with contmuous current. The results are given in 
Table III. Under alternating current artificial respira- 
tion was applied in 75 per cent of the experiments; 
58 per cent recovered, 17 per cent were paralyzed, and 
25 per cent died. With direct current, artificial 
respiration was used in only 58 per cent of the cases; 
42 per cent recovered, 33 per cent were paralyzed, and 
25 per cent died. 

The results of this series also emphasized the fact 
that breathing will not necessarily continue after having 
been established either spontaneously or by artificial 
respiration. The reactions and behavior of the rats 
in this group were closely identical with those where 
the current path was from right fore-leg to tail. It 
was, however, not quite as dangerous to life. The 
d-c. results here also confirm the importance of eliminat- 
ing the brain from the current path if any hope of the 
recovery of the animal is to be entertained. 


ELECTRODES ON BOTH FORE-LEGS 


Eight rats were tested with the electrodes on the 
fore-legs, thus involving the heart and lungs directly 
in the path of the current flow. Four were shocked 
with alternating, and four with continuous current. 
Their average weight was 144 grams, and the average 
current was 1.24 amperes. 

Although artificial respiration was tried in every 
case, no animal survived. This is not strange when one 
considers the current that flowed for two seconds. The 
chest was warm to the touch when the circuit was 
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opened. In only one case, however, was there no 
heart beat following the shock. It is remarkable that 
there was any heart beat at all after this injury, and 
that two of the rats attempted to breathe following the 
a-c. contact and two following the d-c. contact. There 
is no possibility of survival with this current path. 


ELECTRODES. ON BoTH HIND-LEGS 


Fourteen rats were tested at 1,000 volts with elec- 
trodes attached to the hind legs, seven on an a-c. 
circuit and seven on a d-e. circuit. Their average 
weight was 127 grams and the average current that 
flowed for two seconds was 1.17 amperes. 

Only one rat died as a result of the two-second con- 
tact with the a-e. circuit and two from that of the d-c. 
circuit, when the circuit path involved principally the 
caudal region of the body. The rat that died after 
a-c. contact had started breathing spontaneously as 
soon as the circuit was opened. He was considered as 
recovered and had been placed back in the cage; ten 
minutes later he was found dead, probably from neglect. 


Artificial respiration was not applied to any of the 
seven rats that were injured with alternating current. 
All breathed spontaneously and 86 per cent recovered 
completely. They were all very active and lively 
within a few minutes following the shock. One, or 
14 per cent, died. The authors believe that his life 
could have been saved had artificial respiration been 
applied at the proper time. The a-c. shocks were 
accompanied by an emission in the case of the males. 

Following the d-c. shock, five of the animals breathed 
at once, artificial respiration was applied in but two 
cases, 29 per cent. These two animals died after a few 
attempts at breathing. The other five, 71 per cent, 
recovered and in a few minutes became very active. 
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This series demonstrates clearly the fact that when 
none of the vital organs lie directly in the path of the 
current the electrical injury usually is small. 


ELECTRODES ON FORE-LEG AND HIND-LEG 


The effects produced by the flow of current from the 
right fore-leg to the left hind-leg were studied in eight 
rats; from the left fore-leg to the left hind-leg in eight 
other rats; and in a third group of eight the electrodes 
were on the left fore-leg and the right hind-leg. Half 
of these were subjected to the a-c. circuit and the re- 
mainder to the continuous-current circuit. The results 
are given in Table IV. 

Not a single rat was permanently saved after contact 
with the d-c. circuit. One, No. 24, was resuscitated 
only to die two and a half hours later. In several 
cases no heart action could be detected and, at most, 
many of the animals gave only a few gasps. There 
was greater success in saving those that had been 
injured with the alternating circuit. In five cases 
breathing was established by a long application of 
artificial respiration, one of these rats, however, was 
paralyzed. They all, including the paralyzed one, 
became quite active soon after the shock. 

The results may be summarized for the current path 
from fore-leg to hind-leg as follows: 

Artificial respiration was applied in every instance, 
both for the a-c. and continuous-circuits. With the 
alternating current, 83 per cent of the animals re- 
covered, eight per cent were paralyzed and 59 per cent 
died. With continuous current 100 per cent of the 
animals died. 

Normally one would expect that there would be 
little, if any, difference between the effects produced 
by a current flowing from either fore-leg to tail or by 
one flowing from either fore-leg to either hind-leg. 


TABLE III—TWO-SECOND SHOCK—1,000 VOLTS ELECTRODES—LEFT FORE-LEG AND TAIL 


Artificial 
Rat Wt. Current Respiration 
No Circuit Sex Gms: Milliamp Required Result Remarks 
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TABLE IV—TWO-SECOND SHOCK—1,000 VOLTS ELECTRODES—FORE-LEG TO HIND-LEG 
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Yet in the first group with the current path from fore- 
leg to tail, 44 per cent of the rats recovered; in. the 
second group, where one electrode was attached to a 
hind-leg instead of the tail, only 16 per cent were saved. 
Wherein, then, lies the deadliness of this current path 
from fore-leg to hind-leg? The authors believe that 
the high death rate found here is caused by the low 
resistance path that the animal offers to the current 
flow when its tail is eliminated from the circuit. The 
average resistance of the current paths from fore-legs 
to hind-legs for the 24 rats was less than 70 per cent of 
that found for the 48 rats (Tables II and III) where 
the current paths were from either fore-leg to tail. 
The higher resulting current is believed responsible for 
the deaths of the animals. A second argument sup- 
porting this conclusion is the almost complete absence 
of serious injury to the rats when the current passed 
from one hind-leg to the other, even though the current 
values were high. 


CONCLUSION 


These experiments confirm Urquhart’s‘ conclusion 
that when an electric current passes through the brain, 
a temporary physiological block was produced in the 
respiratory center, and that spontaneous breathing 
ceased for a time. He stated that if no serious injury 
to the heart occurred, adequate artificial respiration 
might give time for the center in the medulla to recover 
and for normal breathing to begin. Maclachlan’ 
reports in his field notes a case of recovery from shock 
following eight hours of continuous application of the 


Schaefer prone-pressure method, which also confirms 
Urquhart’s findings. Urquhart,’ in a second series of 
experiments, demonstrated that a temporary block 
could be produced in the spinal cord or in a nerve trunk 
by the passage of an electric current. 

Langworthy? found, by his microscopic examination 
of sections of the brains of the rats injured by high- 
voltage electric currents, that in many cases the damage 
to the cells was such as to be incompatible with life. 
Microscopic study of the central nervous systems of all 
of the rats in this present series will be made. 

Results clearly demonstrate the presence of a tem- 
porary respiratory block in many of the rats. The 
location of the block, whether in the brain stem or in 
the vagus nerves, depends upon the current path. 
Resuscitation is possible provided the damage done 
does not require a recovery time too long to permit life 
to be supported in the interval. 

The effects produced by the various current paths 
through the animals are summed up in Table V. From 
this table and from the results presented, the following 
conclusions may be drawn: 

1. A 1,000-volt continuous-current circuit is more 
dangerous to rats than an alternating circuit of the 
same effective voltage, irrespective of the current path. 

2. The chances of recovery are best when the brain 
does not lie directly in the pathway of the current. 

3. The injury produced by the current path from 
left fore-leg to tail is less severe than that caused by the 
same current flowing from right fore-leg to tail. 

4. When the main pathway of the current did not 
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Transactions A. I. E. E. 


TABLE V—CONTACT WITH 1,000-VOLT CIRCUIT FOR TWO SECONDS 
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Per Cent 
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include the brain, spinal cord or nerves required for Bibliography 


respiration, most of the animals breathed at once and 
were active a few minutes after the injury. 

5. The presence of a respiratory block has been 
demonstrated, and the fact that when natural breath- 
ing is first established the animal is not necessarily on 
the road to complete recovery. 

6. The respiratory block is less severe, if not absent, 
when the current traverses the posterior portion of 
the body. 

7. Burning of the tissues with continuous current 
is much more severe than occurs for the same effective 
alternating current. 
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